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Acquired brain injury (ABI) is an umbrella term for brain injuries that occur after birth and can 
be separated into traumatic and non-traumatic brain injuries. This thesis mainly focuses on 
traumatic brain injury (TBI) and especially moderate-severe TBI. TBI is sudden damage to the 
brain caused by an external forceful impact to the head, for example, a traffic accident or fall. 
It is one of the most serious, disabling neurological disorders, with worldwide over 50 million 
people sustaining a TBI each year.1,2 TBI is a major cause of mortality and long-term disability 
in young people which places a high burden on society.3 Furthermore, especially in high-
income countries, the prevalence of TBI in people over 65 years old is increasing due to falls.4 
Globally the annual costs of TBI are estimated at around 400 billion US dollars.2 Around 80% 
of TBI’s are mild and are considered as trivial and benign injuries as opposed to moderate-
severe injuries which are associated with chronic changes in the person and their 
environment.5 In the Netherlands around 22800 people suffer from a moderate-severe TBI 
each year.6  
In the disease process following all types and severities of ABI, sleep problems and 
fatigue are highly prevalent and may last from the initial recovery phase up until years post-
injury.7-10 Following TBI the percentage of people experiencing fatigue is between 30% and 
70% depending on the TBI severity, time since injury, and methods used.8,11,12 A meta-analysis 
indicated that 53% experience sleep problems when examined with objective measurements 
and formal diagnostic criteria.13 Fatigue and sleep problems are associated with poorer social, 
physical, cognitive, and general functioning.14 This leads to reduced capacity for activities such 
as work, social relationships, studying, leisure activities, and functional independence.15  
 
Fatigue 
Fatigue is often described as one of the most disabling and prolonged symptoms after TBI and 
is found to interfere with the recovery and rehabilitation process.8 Fatigue is a normal 
phenomenon that happens after a period of mental or physical exertion, it is often associated 
with reduced task performance and is alleviated by rest.16 However, post-TBI fatigue is not 
necessarily related to a period of exertion and can even occur after seemingly minor activities 
such as reading a book or having a conversation with friends, which are often considered as 
relaxing to people without a brain injury.17 Therefore, fatigue following TBI might be 




described as “a subjective lack of physical and/or mental energy that interferes with an 
individual's life”.18 The extent of these feelings of fatigue following a brain injury are often 
not understood by the environment and 30% of the family members or friends even interpret 
fatigue as laziness.19 Fatigue may be a direct consequence of the brain injury (primary fatigue) 
but it can also be provoked by other symptoms related to the injury such as mood or sleep 
disturbances (secondary fatigue).20 In addition, fatigue is a risk factor for emotional difficulties 
in the long term.12,21 Assessment of fatigue is commonly based on self-report; however, 
accurate self-report may be complicated in people with a brain injury due to language and 
cognitive problems.22 Moreover, fatigue itself is multidimensional, and different factors, such 
as mood, medication, and pain may influence fatigue,8 making it difficult to measure 
subjective fatigue in a quantitative way. Therefore, additional objective measures are needed 
to evaluate fatigue following brain injury.22 However, there is still a lack of easily applicable 
objective methods to measure fatigue that could be used in research and the clinical setting.  
Especially, mental fatigue, which is described as insufficient energy reserves to 
perform everyday mental activities, is a dominating factor that limits people with TBI to lead 
a normal life including work and social activities.15,17 People with TBI often experience 
cognitive impairments such as memory and attention difficulties, slowness of thinking, and 
impaired decision making.23 In contrast to physical fatigue, which is a decline in the ability of 
a muscle to generate force and can easily be measured with electromyography and a decline 
in performance, mental fatigue is difficult to measure objectively. Furthermore, the 
underlying behavioural and neuronal mechanisms of mental fatigue following TBI are still 
poorly understood. 
Fatigue following TBI could be due to slowness in recovery following a mentally 
exhausting task resulting in longer duration and accumulation of fatigue.17,24 People with TBI 
report that it takes them several hours to days to fully recover from mental exhaustion while 
healthy controls report they only need one hour or less. However, the recovery curve of 
fatigue following mental exhaustion has never been investigated in individuals with TBI and 
compared to that of healthy controls.24,25  
Furthermore, existing theories propose that fatigue following TBI is directly or 
indirectly related to the increased effort needed to perform everyday tasks.11,26,27 This derives 
from the idea that a TBI causes changes in the brain and thereby disrupts the cognitive26 or 




processing, meaning that the brain must expend more energy (effort) to perform a cognitive 
task.26 Previous studies have demonstrated significant relationships between performance 
and effort,32,33 between performance and fatigue,11,34-36 and one study reported a correlation 
between effort and fatigue in people with TBI.11 However, none of these studies compared 
people with TBI to healthy controls, so whether this relationship between subjective effort 
and fatigue is similar in individuals with TBI and healthy controls still needs to be determined.  
The external forceful impact to the head may lead to diffuse axonal injury, resulting 
from the fast accelerating or decelerating forces to the head, causing shearing of long axon 
connections within the brain.37 Consequently, this might lead to disturbances in structural 
and functional connectivity of the brain’s networks.38 Examining functional connectivity might 
thus be relevant to explore specific brain networks and mechanisms implicated in fatigue 
following TBI. Resting-state functional magnetic resonance imaging (rs-fMRI) measures brain 
functional connectivity during rest. The benefit of rs-fMRI is that there is no task performance 
making it easy to collect data from vulnerable populations and explore the diffuse effects of 
fatigue on the brain. In addition, since it is known that resting-state functional connectivity 
(rsFC) is altered by earlier brain states,39 rsFC could be used to investigate the changes in 
functional connectivity due to task-induced fatigue. However, rsFC changes due to task-
induced fatigue and the association with subjective fatigue both have not yet been examined 
in people with moderate-severe TBI. Exploring these changes and the association with fatigue 
might increase our understanding of the neuronal mechanisms of fatigue following TBI, which 
may lead to potential treatment options in the future. 
 
Sleep 
Sleep disturbances following TBI are common and range from insomnia (e.g. not being able 
to fall asleep and/or stay asleep) to hypersomnia (e.g. excessive daytime sleepiness and 
increased sleep need).40 Like fatigue, sleep disturbances can be caused directly by the brain 
injury, for example by damage to brain areas important for sleep (primary sleep 
disturbances), or might be evoked by other symptoms related to the brain injury, such as 
depression, stress, or fatigue (secondary sleep disturbances).8 Fatigue often co-occurs with 
sleep disturbances and both symptoms may exacerbate each other. Acute sleep-wake 
disturbances, indicated by a fragmented sleep-wake pattern, have been associated with 




longer hospitalization and worse outcome.41 Furthermore, sleep disturbances negatively 
affect recovery after brain injury, cognitive functioning, and daily living.42,43  
Epidemiological studies in the general population found that people who are less 
physically active tend to have poorer sleep and more sleep-related difficulties.44,45 This 
relationship between sleep and physical activity is thought to be bidirectional, whereby poor 
sleep might be associated with less physical activity and lower physical activity levels may be 
associated with poor sleep.46 The presence of sleep disturbances following TBI might lead to 
a tendency to rest more during daytime (be less physically active), and this may, in turn, lead 
to the maintenance of sleep disturbances.47 However, whether this day-to-day relationship 
between sleep and physical activity is present in people with TBI still needs to be determined. 
A better understanding of the relationship between sleep and physical activity following TBI 
might bring new insights to treatment options for sleep disturbances. 
 
Course of sleep disturbances and fatigue 
Very few studies have examined the development of fatigue and sleep disturbances and 
which factors might be associated with the development or continuation of these symptoms. 
Most previous research examined sleep disturbances or fatigue cross-sectional. The few 
studies that examined the development of fatigue or sleep disturbances often examined 
these problems in isolation while fatigue and sleep disturbances might also influence each 
other.48-50 Furthermore, it could be hypothesized that fatigue and sleep disturbances in the 
first months after the injury are mostly related to the injury, such as the damage to the brain 
or other physical injury and the recovery processes, while the development or continuation 
of these symptoms later in the disease process (e.g. after one year) might be more associated 
with psychological and social consequences of the injury such as, depression or returning to 
work. This could be examined with a longitudinal study in which people with a recent TBI are 
followed for a longer period while examining fatigue and sleep with a biopsychosocial model. 
A biopsychosocial model considers biological factors (e.g. severity of the injury, pain, 
damaged brain areas), as well as psychological (e.g. depression, anxiety, coping style), and 
social factors (e.g. influence of the environment, social support). A better understanding of 




experience these symptoms in the long term and may give the opportunity to intervene at an 
earlier stage thereby possibly preventing these symptoms.   
 
Aims and outline of the thesis 
The main aim of this thesis was to investigate fatigue and sleep following TBI. To achieve this, 
the following research questions are addressed in this thesis: 
 
1) How can fatigue be assessed objectively following a brain injury? 
2) What are the behavioural and neurobiological underpinnings of fatigue following TBI?  
3) Is daytime physical activity related to sleep and vice versa in people with TBI? 
4) How can the development/course of sleep and fatigue following TBI be examined? 
 
Several experiments were conducted to gain more insight into fatigue and sleep following 
TBI. In chapter 2, it was assessed whether a simple reaction time task could be used as an 
objective measure for fatigue following ABI. In chapter 3, the behavioural underpinnings of 
fatigue were examined by investigating the relationship between subjective effort and fatigue 
and the recovery from task-induced fatigue in people with TBI and healthy controls. In 
chapter 4, the neurobiological underpinnings of fatigue were assessed by examining changes 
in resting-state functional connectivity with task-induced fatigue between people with TBI 
and controls and the association with the subjective experience of fatigue. In chapter 5, the 
day-to-day bidirectional relationships between physical activity and sleep following TBI were 
assessed. In chapter 6, the protocol of a follow-up study examining the development of sleep 
problems and fatigue following TBI using a biopsychosocial model is described. Finally, in 
chapter 7 the main findings of the studies were summarized and discussed, including 
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Chapter 2  
Measuring fatigue following acquired brain injury: a validation 
study of the Psychomotor Vigilance Test 
 
Bruijel J, Vermeeren A, van der Sluiszen NNJJM, Jongen S, Stapert SZ, & van 











Objective: Evaluate construct validity of Psychomotor Vigilance Test performance for 
measuring fatigue in people with acquired brain injury.  
Design: Observational cross-sectional study. 
Participants: Fifty-four people with acquired brain injury and 61 healthy controls. 
Methods: Participants performed the Psychomotor Vigilance Test and reported momentary 
fatigue before and after this test and general fatigue. Associations between performance and 
fatigue in patients were tested by correlational and hierarchical multiple linear regression 
analyses controlling for sleep quality, daytime sleepiness, and mood.  
Results: Patients performed worse on the test compared with controls. Within the patient 
group, worse test performance was associated with increases in momentary post-test fatigue 
and general fatigue, indicating convergent validity but also with daytime sleepiness, and 
mood complaints, indicating a lack of divergent validity. When controlling for sleepiness and 
mood, the association between performance and general fatigue was no longer significant, 
whereas the association between performance and post-test fatigue remained. 
Conclusions: Performance on the Psychomotor Vigilance Test cannot be used as a specific 
measure for fatigue but it appears to be a more general measure of severity of symptoms 
including fatigue, mood, and sleepiness. Therefore, the Psychomotor Vigilance Test may be a 
useful measure to examine the effects of interventions aimed at reducing these symptoms. 
 














Fatigue is a prevalent and disabling symptom following acquired brain injury (ABI).1,2 Fatigue 
may be a direct consequence of the brain injury (primary fatigue) but it can also be provoked 
by other symptoms related to the injury such as mood or sleep disturbances (secondary 
fatigue).3 Furthermore, fatigue following ABI is often associated with depressive mood and 
daytime sleepiness,3 and may negatively impact recovery and quality of life.1  
Assessment of fatigue is commonly based on self-report; however, accurate self-
report may be complicated in people with ABI due to language and cognitive problems.4 
Moreover, fatigue itself is multidimensional, and different factors, such as mood, medication, 
and pain may influence fatigue,1 making it difficult to measure subjective fatigue in a 
quantitative way. Therefore, additional objective measures are needed to evaluate fatigue in 
the ABI population.4 The few objective methods available, such as electroencephalography, 
are often impractical and too time-consuming for clinicians to use. Measuring fatigue using a 
simple and fast-to-administer cognitive task, such as the Psychomotor Vigilance Test (PVT), 
may therefore be more suitable in clinical settings.5  
The PVT is a simple reaction time (RT) task that measures sustained attention to visual 
or auditory stimuli.6,7 It is one of the best-validated and most widely used measures for 
sleepiness-related sustained attention deficits.7-9 Two studies found that PVT performance 
was impaired in participants with ABI, compared with healthy controls (HC).8,9 Interestingly, 
these differences were no longer significant when controlling for feelings of fatigue, while 
some of the differences remained when controlling for feelings of sleepiness or sleep 
quality.8,9 This indicates that performance differences between these groups were more 
associated with fatigue than sleepiness. Therefore, PVT performance may be a useful 
objective measure for fatigue after ABI. 
Even though fatigue often occurs in conjunction with sleepiness, these are distinct 
concepts with different treatment options.10 Therefore, to evaluate fatigue using the PVT, it 
is important to differentiate the unique contributions of fatigue and sleepiness on PVT 
performance. This differentiation is lacking in most studies. Furthermore, it is known that 
these symptoms are associated with depression and anxiety, frequently experienced 
following ABI.3,11 Therefore, to examine whether PVT performance can be used as an 




whether general and momentary fatigue contribute to PVT performance, after controlling for 
mood, daytime sleepiness, and sleep quality.  
In line with previous research,8,9 it was expected that participants with ABI would 
show performance deficits in the PVT compared with HC. To evaluate the construct validity 
of the PVT for measuring fatigue in people with ABI, it was hypothesized that PVT 
performance within the ABI group would correlate significantly with general and momentary 
fatigue scores (convergent validity) and that associations with daytime sleepiness, mood, and 
sleep quality would be weak (divergent validity). Finally, it was hypothesized that associations 
between PVT performance and fatigue in participants with ABI would remain significant after 




Participants were individuals with a history of ABI recruited from an outpatient rehabilitation 
unit at Zuyderland Medical center, the Netherlands, or as part of their involvement in a larger 
follow-up study examining sleep and fatigue following traumatic brain injury (TBI) in the 
period from November 2017 until September 2019.12 ABI was confirmed by a neurologist 
using imaging data and/or injury characteristics including loss of consciousness, post-
traumatic amnesia and behavioral symptoms. This information was used to classify TBI as mild 
or moderate-severe using the Mayo classification system.13 Participants were referred to the 
study by a neurologist, rehabilitation doctor, or neuropsychologist. Inclusion criteria were: 
history of ABI and age between 21 and 70 years. Exclusion criteria were: a neurological 
condition other than ABI, and a current diagnosed mental disorder based on clinical 
judgment.  
The PVT data of HC (n=61) from three previous studies conducted at Maastricht 
University under similar circumstances14-16 were used for comparison with ABI participants. 
HC were selected to match age since age is known to affect PVT performance.17 Exclusion 
criteria were history of a neurological disorder or psychiatric illness, history or current drug 
or alcohol abuse, and current use of psychoactive medication based on self-report and 
medical examination. 
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Procedure for participants with acquired brain injury  
The study protocol was approved by the Ethics Review Committee Psychology and 
Neuroscience of Maastricht University (ERCPN-177_15_03_2017). All participants provided 
written informed consent before study enrollment. Participation consisted of one visit at the 
hospital, university, or participant’s home. During this visit, participants first completed 
questionnaires measuring their general feelings of fatigue, sleepiness, sleep quality, and 
mood. Next, the PVT was administered. Immediately before and after the PVT, participants 
completed a visual analogue scale for fatigue (VAS-f) to measure momentary fatigue. The 
duration of the visit was approximately 30 minutes. Visits were scheduled at participant’s 
convenience between 9:00 h and 17:00 h on a weekday. 
  
Assessments 
Psychomotor vigilance test A computer-based version of the 10-min visual PVT was used for 
both groups.6 Participants were instructed to monitor a screen and respond by pressing a 
button with their dominant hand as soon as a number counting up from 0 was seen. This 
stopped the counter and displayed the RT in milliseconds (ms). The inter-stimulus interval 
varied randomly from 1,400 to 9,400 ms. The PVT has good psychometric properties.18,19  
Mean inverse RT (1/RT) was used as the primary outcome parameter since it 
decreases the contribution of long lapses. To calculate 1/RT, each RT (ms) was divided by 
1,000 and then reciprocally transformed.7  Number of lapses (RT≥500ms) was used as a 
secondary outcome parameter. To normalize data, number of lapses were transformed using 
the square root formula (√x+√(x+1)).8 Other outcome measures, used only for comparisons 
with HC, were mean RT, median RT, 10% slowest 1/RT, and time on task RT decrements.7  
RTs ≤100ms and ≥10,000ms were considered invalid and not included in calculations, 
since these probably include premature responses and misses.7 Since no practice trial was 
included in the study, RTs of the first five stimuli were excluded from the analysis to minimize 
habituation effects. To examine time on task decrements, 1/RT was averaged per minute (i.e. 
blocks of 9-10 stimuli). 
  
Validating instruments. A Dutch version of all questionnaires was available and all 





General fatigue. General feelings of fatigue were assessed with the Fatigue Severity Scale 
(FSS).20 The FSS measures the impact of fatigue on activities of daily living and distress caused 
by fatigue. It includes 9 items related to fatigue, which are rated on a 7-point Likert scale. 
Scores range from 1 to 7 and a mean score of  ≥4 indicates severe fatigue.20 The FSS has good 
psychometric properties.20 In people with ABI a high internal consistency was found 
(Cronbach’s α: 0.90)21 and test-retest reliability of the FSS is satisfactory (Intraclass correlation 
coefficient: 0.82).22 The FSS can distinguish levels of fatigue in brain-injured participants from 
that of controls.23 
 
Momentary fatigue. Momentary fatigue was measured with a 100-mm horizontal VAS-f 
before (VASpre) and after (VASpost) the PVT.23 The left-hand end of the line represented 
‘absolutely no fatigue’ and the right-hand end ‘most severe fatigue imaginable’ with no 
intermediate divisions or descriptive terms. Scores range from 0 to 100, with higher scores 
indicating more fatigue. Participants are instructed to rate their fatigue intensity over the 
previous five minutes. The VAS-f has been used in previous studies with participants with 
ABI11,23,24 and was found to be valid and reliable.25 
 
Sleep quality. Subjective sleep quality was assessed with the Pittsburgh Sleep Quality Index 
(PSQI).26 The PSQI contains 19-items, providing a global score ranging from 0 to 21. Higher 
scores indicate poorer sleep quality with a global score >5  indicating poor sleep quality.26 The 
PSQI has reliable psychometric properties26 and has been used in participants with ABI.8,9,27 
Daytime sleepiness. Daytime sleepiness and sleep propensity were assessed with the Epworth 
Sleepiness Scale (ESS).28 The ESS consists of 8 items, with scores range from 0 to 24 and a 
score of ≥10 indicates clinically significant sleepiness.28 The ESS is widely used in ABI 
research9,24,27 and has good reliability.29 
     
Mood. Mood was assessed with the Hospital Anxiety and Depression Scale (HADS).30 The 
HADS consists of 14 items and includes two subscales for anxiety and depression. Total scores 
range from 0 to 42 with higher scores indicating a higher intensity of symptoms. Scores on 
the subscales range from 0-21 and a score of ≥8 is an indicator of depression or anxiety.31 The 
HADS is a reliable measure and has been validated in the ABI population.31 
 




To achieve a power of 0.8, with α set to 0.05 and a medium to large effect size (f²=0.25) for a 
multiple regression analysis with 4 predictors the required sample size was 53 participants.32 
Differences between participants with ABI and HC were analyzed using independent-sample 
t-tests (or Welsh t-test in case of unequal variance) for age and PVT parameters, and a χ2 test 
for sex distribution. To compare the slope of the time-on-task effect between groups, RTs per 
minute were analyzed using multilevel linear models. Construct (convergent/divergent) 
validity was evaluated by examining the association between PVT performance (1/RT, 
transformed lapses) and subjective measures of fatigue (FSS, VAS-f), and with measures of 
daytime sleepiness (ESS), mood (HADS) and sleep quality (PSQI), using Pearson’s correlation 
coefficients (r, two-tailed). The same analysis was used to examine associations between 
general fatigue (FSS) and daytime sleepiness, mood, and sleep quality. Correlations were 
considered high when r > 0.5 and moderate when r > 0.3.33  In addition, multilevel linear 
models were used to examine the effect of fatigue on the slope of the time-on-task effect.  
To examine whether fatigue was associated with PVT performance (1/RT) after 
controlling for mood and sleepiness, hierarchical multiple linear regression analyses were 
used. General fatigue (FSS) and momentary fatigue following the PVT (VASpost) were 
examined separately. A stepwise forced entry regression was used in which fatigue was 
entered first (model 1), followed by mood (HADS, model 2), daytime sleepiness (ESS, model 
3), and sleep quality (PSQI, model 4) to examine whether fatigue still contributes to the PVT 
outcome when controlling for sleep. Statistical significance was set at 0.05. Statistical analyses 




Demographic characteristics of the ABI and control groups are presented in Table 1. A total 
of 54 participants with ABI (33 males, 21 females), age range  21-70 years participated, and 
61 HC (36 males, 25 females) aged between 24 and 74 years old were included from historical 
datasets. HC did not differ in age or gender from the participants with ABI. The control group 
was more highly educated compared with the ABI group. Data about living situation and 
employment of the control group was missing. In the ABI group, time since injury ranged from 




another type of ABI. Of the stroke participants, ten (83%) experienced an ischemic stroke and 
two (17%) a haemorrhagic stroke. The main causes of injury in the TBI group were traffic 
accidents (n=25) and falls (n=15). The severity of TBI was moderate-severe in 35 (87,5%) 
participants and mild in five (12,5%) participants.13 Scores on the questionnaires of the ABI 
group are presented in Table 2. 
 
 
Psychomotor Vigilance Test 
Comparison between participants with ABI and HC. Participants with ABI had significantly 
longer mean RTs, more lapses, and longer 10% slowest 1/RT compared with HC (Table 3). 
Analysis of time-on-task effects on 1/RT showed significant decrement in performance as the 
task progressed (F(1, 145.2)= 14.2, p < .01), but no significant interaction with group was 
found (F(1, 256.7)= 0.01,  p = .90). Thus, there was no difference in vigilance decrement 
between participants with ABI and controls. 
Table 1. Demographics of participants with acquired brain injury (ABI) and health controls (HC). 
Characteristic ABI (n=54) HC (n=61) p-value 
Age, years,  mean (SD) 48.9 (13.1) 46.7 (15.9) .42 
Gender, male, n (%) 33 (61.1) 36 (59.0) .82 
Years of education,  mean (SD) 14.6 (2.4) 16.7 (1.7)a <.001 
Living independent, n (%) 51 (94.4) - - 
Employed at the time of the study, n (%) 24 (44.4) - - 
Months since injury,  mean (SD) 35.6 (79.0) - - 
an=39. SD: standard deviation.  
Table 2. Self-reported fatigue, sleep, and mood variables of the participants with acquired brain 
injury (ABI, n=54) 
Characteristic Scores Clinical cut-off, N (%) 
VAS-f pre PVT, median (IQR)  33.0 (41.5)  
VAS-f post PVT,  median (IQR)   47.9 (43.75)  
Fatigue severity scale, median (IQR)   4.67 (2.28) ≥ 4 38 (70.4) 
Epworth Sleepiness Scale, median (IQR)   7.0 (6.0) ≥ 10 20 (37.0) 
Pittsburgh Sleep Quality Index, median (IQR)    6.0 (4.0) > 5 30 (55.6) 
HADS - Total score, median (IQR) 12.0 (11.0)   
HADS – Depression, median (IQR) 6.5 (6.25) ≥ 8 21 (38.9) 
HADS – Anxiety, median (IQR) 6.0 (6.25) ≥ 8 21 (38.9) 
VAS-f, visual analogue scale fatigue; PVT, psychomotor Vigilance Test. HADS, Hospital Anxiety and 
Depression Scale; IQR, Interquartile range. 




Construct (convergent/divergent) validity. Moderate to high correlations were found between 
performance on the PVT, as measured by 1/RT and lapses, and levels of fatigue, as measured 
by the FSS, VASpre, and VASpost, indicating convergent validity (Figure 1; Table 4). PVT 
performance also showed moderate to high correlations with daytime sleepiness and mood, 
as measured by the ESS and HADS, respectively (Table 4), indicating a lack of divergent 
validity. There was no correlation between PVT performance and sleep quality, measured by 
the PSQI (Table 4). The time-on-task decrement in 1/RT in ABI participants did not increase 
with higher levels of fatigue, as measured with the FSS (F(1, 127.1)= 0.01, p= .90) and VASpost 
(F(1, 126.8)= 1.68,  p= .20). Fatigue as measures with the FSS showed moderate to high 
correlations with daytime sleepiness (ESS, r: 0.61 p< .001), mood (HADS, r: 0.57 p< .001) and 








Table 3. Psychomotor Vigilance Test outcome parameters for participants with acquired brain 
injury (ABI, n=54) and healthy controls (HC, n=61). 
 ABI group  
Mean (SD) [95% CI] 
Control group 
Mean (SD) [95% CI] 
p-value 
Reaction time    
 1/RT 3.39 (0.62) [3.22-3.56] 3.78 (0.42) [3.68-3.90] < .01 
 Mean 321 (78) [300-342] 280 (39) [270-290] < .01 
 Median reaction time 306 (72) [286-326] 263 (29) [255-270]   < .01 
 Mean slowest 10% 1/RT  2.32 (0.62) [2.16-2.49] 2.58 (0.54) [2.44-2.71] .02 
Lapses    
 SQRT # 3.93 (3.61) [2.95-4.92] 2.44 (1.66) [2.01-2.86] < .01 
 Number # 6.67 (12.59) [3.23-10.10] 1.79 (3.09) [1.00-2.58] < .01 









Figure 1. Relationship (a) between general fatigue and inverse reaction time (1/RT) on the 
Psychomotor Vigilance Test with 95% confidence intervals (95% CI) and (b) between momentary 
fatigue and 1/RT  with 95% confidence intervals (95% CI). Note: Due to transformation, higher 
transformed reaction time (RT) values represent faster reaction times
Table 4. Correlations (r) between Psychomotor Vigilance Test outcome parameters and fatigue, 
sleep and mood questionnaires for participants with acquired brain injury (ABI) (n=54). 
 
1/RT  Transformed lapses 
r p-value  r p-value 
VASpre -.39 <.01  .31 .02 
VASpost -.51 <.01  .36 <.01 
Fatigue Severity Scale -.51 <.01  .44 <.01 
Epworth Sleepiness Scale -.59 <.01  .59 <.01 
Pittsburgh Sleep Quality Index -.27 .05  .25 .07 
HADS -.47 <.01  .46 <.01 
HADS - Depression -.41 <.01  .43 <.01 
HADS - Anxiety -.41 <.01  .39 <.01 
 1/RT, inverse reaction time; VAS, visual analogue scale for fatigue; HADS, Hospital Anxiety and 
Depression Scale. Due to transformation, higher transformed reaction times values represent 
faster reaction times. 
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Hierarchical multiple linear regression. Table 5 shows the results of the hierarchical multiple 
linear regression analyses using 1/RT as dependent variable with the focus on general fatigue 
measured with the FSS and the focus on momentary fatigue post-PVT measured with VAS-f. 
In the model focusing on general fatigue, when including the HADS, significant associations 
between FSS and 1/RT remained (model 2). After adding the ESS (model 3), the association 
between FSS and 1/RT did no longer remained. The final model (model 4) including FSS, HADS, 
ESS and PSQI showed that ESS and HADS were the only significant individual predictors of 
1/RT. The full adjusted model (model 4) explained 40% of the variance in 1/RT (F4, 50= 9.98, p< 
.01). In the model focusing on momentary fatigue, when including the HADS, significant 
associations between VASpost and 1/RT remained (model 2). The final model including 
VASpost, HADS, ESS and PSQI showed VASpost, HADS and ESS were all significant predictors 
of 1/RT. The full adjusted model explained 48% of the variance in 1/RT (F4, 50= 13.41, p< .001). 
 
 
Table 5. Results of hierarchical multiple linear regression analysis of the relationship between 
mean inverse reaction time (1/RT) and general fatigue or momentary fatigue in participants with 
acquired brain injury (ABI, n=54). 
General fatigue  
 R² Adjusted 
R² 
F p-value  Variables Standardized 
β 
p-value 
Model 1 0.26 0.25 18.60 <.01 Fatigue Severity Scale -0.51 <.01 
        
Model 2 0.31 0.28 11.38 <.01 Fatigue Severity Scale -0.37 .01 
     Hospital Anxiety and 
Depression Scale 
-0.26 .07 
        
Model 3 0.42 0.39 12.15 <.01 Fatigue Severity Scale -0.12 .44 
     Hospital Anxiety and 
Depression Scale 
-0.23 .08 
     Epworth Sleepiness 
Scale 
-0.43 <.01 
        
Model 4 0.45 0.40 9.98 <.01 Fatigue Severity Scale -0.12 .42 
     Hospital Anxiety and 
Depression Scale 
-0.36 .02 
     Epworth Sleepiness 
Scale 
-0.47 <.01 









Momentary fatigue  
 R² Adjusted 
R² 
F p-value  Variables Standardized 
β 
p-value 
Model 1 0.26 0.24 17.90 <.01 VASpost -0.51 <.01 
        
Model 2 0.38 0.35 15.31 <.01 VASpost -0.41 <.01 
     Hospital Anxiety and 
Depression Scale 
-0.36 <.01 
        
Model 3 0.49 0.46 16.27 <.01 VASpost -0.31 <.01 
     Hospital Anxiety and 
Depression Scale 
-0.23 .04 
     Epworth Sleepiness 
Scale 
-0.39 <.01 
        
Model 4 0.52 0.48 13.41 <.01 VASpost -0.31 <.01 
     Hospital Anxiety and 
Depression Scale 
-0.36 <.01 
     Epworth Sleepiness 
Scale 
-0.44 <.01 
     Pittsburgh Sleep 
Quality Index 
0.23 .09 
VASpost, visual analogue scale for fatigue administrated after the Psychomotor Vigilance Test; FSS, 
Fatigue Severity Scale; HADS, Hospital Anxiety and Depression Scale; ESS, Epworth Sleepiness 




The main objective of the present study was to examine the contribution of fatigue to PVT 
performance of people with ABI in order to examine whether the PVT can be used as an 
objective measure of fatigue in these individuals. Results showed that PVT performance was 
worse in participants with ABI compared with HC. In line with the study hypothesis, 
performance deficits in participants with ABI were associated with increased levels of fatigue 
indicating convergent validity. However, divergent validity was poor since PVT performance 
in people with ABI was also associated with mood and daytime sleepiness, and when 
controlling for these factors, the association between general fatigue and PVT performance 
was no longer significant. Nevertheless, the association between momentary fatigue 
following the PVT and PVT performance remained when controlling for daytime sleepiness 
and mood. 
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Contrary to our expectations, general fatigue no longer predicted PVT performance 
after controlling for mood, daytime sleepiness, and sleep quality. In this model, daytime 
sleepiness and mood were the only independent predictors of PVT performance. It was 
expected that general fatigue would partly explain the performance deficits found in 
participants with ABI because previous research suggested that PVT performance seemed 
mostly affected by fatigue when comparing participants with ABI with controls.8,9 In the 
current study within a group of people with ABI, a strong association with sleepiness was 
found, similar to studies in healthy volunteers.7 Therefore, fatigue may adequately 
differentiate PVT performance between patients and controls, but might not be the best 
variable to differentiate performance within individuals with ABI.  
Although momentary fatigue was still associated with PVT performance when 
controlling for mood, sleepiness, and sleep quality, it was not unique. Sleepiness and mood 
were also independent predictors of PVT performance. Fatigue can be either a primary brain-
injury induced symptom, but it can also occur in reaction to the injury.3 The same is true for 
sleep problems and depressive symptoms. It is very difficult to disentangle these primary and 
secondary symptoms, especially in a cross-sectional study, such as this. Taken together, we 
conclude that the PVT cannot be used to specifically measure only fatigue in people with ABI. 
Performance on the PVT seems to be a more general measure of fatigue, and symptoms often 
concurring with fatigue such as depression and daytime sleepiness in people with ABI. 
Therefore, the PVT might be used to assess changes or improvement in these symptoms 
following ABI. However, more research is necessary to evaluate the validity of PVT 
performance as a measure of fatigue and fatigue-related symptoms. 
Decrements in performance with time-on-task can be due to fatigue.34 In the current 
study, there was a decrement in performance with time-on-task in both the ABI and control 
groups. However, this decrement did not differ between groups and was not associated with 
the level of fatigue in participants with ABI. In contrast, overall response speed, as measured 
by 1/RT, did differ between groups, and was associated with levels of fatigue in participants 
with ABI. These results are in line with previous findings35 and support the idea that people 
with ABI might be slower in general, but not necessarily show progressive slowing during task 
performance.8,36 
To examine whether the results were driven by participants who reported the most 




again excluding the 20% highest score on FSS. This did not change the results, suggesting that 
the results are not driven by poor performance or over-reporting of symptoms. 
For future research, it would be of interest to examine PVT performance in people 
with ABI over time after injury and determine how mood, fatigue, and sleepiness are related 
to PVT performance at different time points. Since mood complaints have been shown to 
develop later in the disease process following ABI and have shown to be associated with 
reports of fatigue earlier in the disease process, there may be an indication that fatigue 
contributes to secondary mood complaints following ABI.3 Therefore, PVT performance may 
be more strongly related to fatigue early in the disease process compared with later in the 
disease process when secondary mood complaints might develop. Furthermore, future 
research could examine how a fatigue-inducing experience, such as a lengthy test battery, 
affects PVT performance, to evaluate the validity of the PVT as a measure of momentary or 
task-related fatigue. It might be interesting to explore this with the brief 3- or 5-min version 
of the PVT. A quick and easy-to-administrate test, such as the PVT, which could measure 
momentary/task-related fatigue, would allow for a broader understanding of how fatigue 
might influence cognitive functioning and daily activities. 
 According to the COnsensus-based Standards for the selection of health Measurement 
INstruments Risk of Bias (COSMIN-RoB) checklist37 the methodological quality of this study to 
test construct validity of the PVT for measuring fatigue in people with ABI, can be considered 
as very good. PVT outcomes were compared with the FSS and VAS-f, which are well-validated 
measures of fatigue and have been used previously in a Dutch-speaking population of people 
with ABI.38,39 To test the hypothesis that PVT outcomes correlate more highly with the FSS 
and VAS-f (convergent validity) than with measures of other frequently co-occurring 
complaints (divergent validity), specifically sleep quality (PSQI) daytime sleepiness (ESS), and 
anxiety and depression (HADS), Pearson’s correlations were conducted. 
 
Study limitations  
This study has some limitations. First, the study did not differentiate between physical and 
mental fatigue, although this is recommended by previous studies examining fatigue in 
people with ABI.2 Research in patients with obstructive sleep apnea and HC showed a 
relationship between physical fatigue and PVT lapses but found no relationship between 
mental fatigue and PVT outcome measures.40 Future research should, therefore, examine 
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whether certain aspects of fatigue may relate better to specific outcome measures of the PVT 
and whether the PVT could be utilized to quantify different aspects of fatigue in individuals 
with ABI.  
Secondly, data about living situation and employment was missing from the control 
group, therefore groups could not be compared on these variables. However, previous 
research shows that PVT performance is mostly affected by age and gender, which was 
comparable between the groups.17 Furthermore, there was heterogeneity in the ABI sample 
with different causes of brain injury, diverse time since injury, variability in injury severity, 
and a broad age range. However, we consider that this reflects everyday clinical practice. 
Injury severity may contribute to PVT performance, given its association with processing 
speed and attention.41 Moreover, multiple studies have indicated a relationship between age 
and PVT performance, with elderly subjects showing longer RTs than younger subjects.17 
However, none of these variables were related to PVT outcome measures in this study (not 
reported). In addition, multiple studies did not find a relationship between injury 
characteristics such as injury severity and time since injury, and PVT performance in 
participants with ABI.8,9 Furthermore, this heterogeneity in our ABI group indicates that the 
PVT could be used as a measure of fatigue and other symptoms such as mood and sleepiness, 
in a wide variety of people with ABI and may, therefore, be useful in the clinic.  
Finally, even though fatigue and sleepiness are distinct concepts, they often occur 
together and are frequently seen as the same concept by the general public.24 It is possible 
that much of the variance in PVT performance is shared by fatigue and sleepiness and that, 
therefore, general fatigue no longer predicted PVT performance when controlling for daytime 
sleepiness. The results indicate a strong association between the sleepiness and general 
fatigue questionnaires. Future studies including objective measures of daytime sleepiness 
could explore this relationship and differentiate fatigue from daytime sleepiness. 
 
Conclusion  
In conclusion, PVT performance is not exclusively associated with fatigue, but also shows 
strong associations with mood and daytime sleepiness. The PVT may therefore be a useful 
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Sleep and physical activity are both modifiable behavioral factors that are associated with 
better health and are potentially related. Following traumatic brain injury, damage to the 
brain caused by an external force, sleep disturbances are common. Exploring bidirectional 
relationships between sleep and physical activity might provide insight into whether 
increasing physical activity could decrease these sleep disturbances. The current study, 
therefore, examined inter- and intra-individual temporal associations between sleep and 
daytime physical activity in 64 people with traumatic brain injury reporting sleep problems or 
fatigue (47 males; mean age: 40 years). Sleep and physical activity were measured using 
actigraphy in corroboration with sleep diaries over 14 consecutive days. Multilevel models 
were used to examine inter- and intra-individual associations between physical activity and 
sleep. Inter-individual variations showed that earlier bedtimes, wake-up times, and lower 
sleep efficiency were associated with more physical activity. Intra-individual temporal 
variations showed no significant association of daytime physical activity with sleep duration 
or continuity. However, shorter sleep time and less wake after sleep onset than usual were 
associated with more time spent in light intensity activity the next day. Therefore, sleep may 
have more of an influence on physical activity than physical activity has on sleep in people 
with traumatic brain injury. In conclusion, the results do not confirm a potential beneficial 
effect of physical activity on sleep but suggest that improving sleep quality might be relevant 
to support a physically active lifestyle in people with traumatic brain injury. Further research 
is necessary to confirm these results. 
 











Sleep and physical activity (PA) are both modifiable behavioral factors that are associated 
with better health.1,2 Epidemiological studies in the general population found that people 
who are less physically active tend to have poorer sleep and more sleep-related difficulties.3,4 
Furthermore, in community samples treatment increasing PA was found to have beneficial 
effects on sleep.5 This relationship between sleep and PA is thought to be bidirectional, 
whereby poor sleep might be associated with less PA, and lower PA levels may be associated 
with poor sleep.6,7  
People with traumatic brain injury (TBI) often report sleep disturbances, with a meta-
analysis indicating that 53% of people with TBI have some form of objective sleep 
disturbance.8,9 Sleep disturbances are strongly associated with high rates of fatigue and 
depression in individuals with TBI and may contribute to reduced activity in work, social, and 
leisure activities.9,10 Studies examining PA in people with TBI are limited and PA has not been 
well described in this population.11,12 The few studies available have found that PA levels 
following TBI are lower than recommended by the World Health Organization (i.e., less than 
150 minutes of moderate-intensity exercise or 75 minutes of vigorous-intensity exercise 
throughout the week).12,13 Compared to behavior of the general population, however, results 
are inconsistent; some studies report similar PA14 while others report reduced PA in people 
with TBI.11  
The presence of sleep disturbances following TBI may lead to a tendency to rest more 
during the daytime, and this may in turn lead to the maintenance of sleep disturbances.15 
Since studies in the general population showed a positive association between PA and sleep,3 
increasing PA might be beneficial to improve sleep in people with TBI. However, to examine 
this we first need information about the bidirectional relationships between physical activity 
and sleep in people with TBI. Previous research in other populations often averaged sleep and 
PA variables over multiple days, which ignores day‐to‐day variation and restricts the capacity 
to examine whether one behavior may affect the other from one day to the next.16 The few 
studies that did examine these day-to-day variations in populations other than TBI found 
mixed results, suggesting that this relationship might depend on the population examined.17-
19 
Therefore, this study examined the daily bidirectional relationships between daytime 




examining treatments for sleep or fatigue, inter- and intra-individual variations between sleep 
and PA were examined in people with TBI with sleep problems and/or fatigue by 
corroborating sleep-diary with wrist actigraphy. Based on the premise that PA has a positive 
effect on sleep and this effect might be bidirectional,6 it was hypothesized that for inter-
individual variations higher average levels of PA indicated by greater activity counts and more 
time spent in light activity, would be associated with better sleep indicated by longer total 
sleep time (TST), higher sleep efficiency (SE), shorter sleep onset latency (SOL) and less wake 
after sleep onset (WASO). For intra-individual temporal variations, it was hypothesized that 
higher levels of PA during the day would be followed by better sleep at night, and that better 
sleep would be followed by more PA the next day.  Since both sleep and physical activity are 
associated with levels of depression and have been shown to change with age, these variables 




This study aggregated a subset of 64 participants with TBI using baseline data from three 
studies with similar methodologies examining sleep and treatment for sleep problems and 
fatigue in patients with acquired brain injury.21,22 Participants with TBI were recruited through 
a rehabilitation program or via referral by healthcare professionals at Epworth Healthcare, 
Melbourne, Australia. The inclusion and exclusion criteria were similar across the studies. 
Participants with a medically documented mild-severe TBI defined as a history of a blunt head 
trauma with loss of consciousness and post-traumatic amnesia, and with clinically significant 
self-reported sleep problems, daytime sleepiness, or fatigue were included (Pittsburgh Sleep 
Quality Index (PSQI) >5; Epworth sleepiness scale (ESS) ≥10 or Fatigue Severity Scale (FSS) ≥4). 
Participants were excluded if they had: a pre-injury history of sleep problems, fatigue, or a 
neurological condition other than TBI; recent shift work or travel across more than one time 
zone; high risk for sleep apnea; or current use of sleep medications. The protocols for two of 
the studies can be found in the original paper.21,22   
 




All study protocols received hospital and university ethics approval and all participants 
provided informed consent. Demographic characteristics were collected at the start of the 
studies. Both PA and sleep were measured by corroborating sleep diary with wrist actigraphy. 
Participants were asked to wear the actiwatch continuously for two weeks except when 
bathing or showering. Concurrent with wearing the actiwatch, participants completed a sleep 
diary. When receiving or after wearing the actiwatch, participants answered questionnaires 
about their subjective sleep, fatigue and mood.  
 
Sleep measurement 
Actiwatch 2 and Actiwatch Spectrum (Mini-Mitter/Respironics Inc, Bend, OR, USA) devices 
were used to measure both sleep and PA and were worn around the non-dominant wrist. This 
noninvasive device has been well validated to measure sleep in people with TBI.23 The 
actiwatch was set to 60sec epochs and a medium sensitivity was used to define the sleep 
parameters extracted with Actiware software version 6.0.9 (Respironics, 2008).  Bedtime and 
wake-up time from the sleep diaries were used to define the rest interval for the sleep 
analyses and adjustments were made consistent with other studies.21,22 In addition, the sleep 
dairies were used to define the nap periods in the actiwatch data. Participants were asked to 
report their bedtime, wake-up time, and naps of the previous day each morning. Sleep 
outcome variables were bedtime, wake-up time, TST, SE, SOL, and WASO.  
 
Physical activity measurement 
Although the actiwatches used in this study were primarily designed to measure sleep, 
multiple studies support the use of these devices to measure overall physical activity.24,25 To 
determine overall level of activity per participant, the raw activity counts per minute of the 
actiwatch from the wake periods (i.e., time between rising and retiring to bed) were averaged 
per day and over the total sampling period. To examine the effect of activity before bedtime, 
average activity counts in the 5 hours before bedtime over the total sample period were 
calculated.  Activity for the first and last day of the registration period were omitted since 
these did not include a complete 24h window. Intensity of activity during the wake period 




activity (500-2020 AC/min), moderate activity (2020-5999 AC/min) and vigorous activity 
(>5999 AC/min) in line with previous research in people with TBI.13  The primary physical 
activity outcomes were overall level of activity, and time spent in light activity. Time spent in 
light activity was included in the analyses because time spent in moderate to vigorous activity 
was very limited for this group. Data were included if there were at least 4 days with more 
than 10 hours of daytime activity data available.26  
 
Questionnaires 
Subjective sleep quality, daytime sleepiness, and fatigue were assessed using the PSQI,27 
ESS28, and FSS29 respectively. Anxiety and depression were assessed with the Hospital Anxiety 
and Depression Scale (HADS).30 For all questionnaires higher scores represent more 
symptoms/problems. Injury details of the TBI were collected with participant consent from 
the hospital database. 
  
Data Analyses 
To assess relationships between sleep and PA (averaged over the whole sample period), and 
personal characteristics such as age, time since injury, posttraumatic amnesia (PTA), and 
scores on the HADS, FSS, PSQI, and ESS, Pearson correlation analyses were used. Due to non-
normality, SOL was log-transformed. These analyses confirmed that depression and age are 
the variables most associated with sleep and physical activity levels following TBI and were 
therefore added as covariates in the multilevel models. To examine the relationship between 
physical activity in the 5 hours before bedtime and SOL, multiple linear regression analysis 
was used with age and depression as covariates.  
 To assess inter- and intra-individual associations between the sleep variables and 
daytime PA, multilevel linear models (MLM) with restricted maximum likelihood estimation 
method were used. An autoregressive error variance structure was used to take into account 
that consecutive sleep and physical activity observations might be correlated more highly 
than non-consecutive observations. Two sets of MLM were performed. In the first set of 
models daytime PA variables (daily activity counts and time spent in light activity) were the 
independent variables and subsequent sleep variables (bedtime, wake-up time, TST, SE, 
WASO, and SOL) were dependent variables, with depression, age, weekday (weekend vs 
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week), and TST of the naps during the day added as covariates (naps were not added in the 
model including wake-up time). In the second set of MLM sleep variables were the 
independent variables and next day PA the dependent variables with depression, age, 
weekday (weekend vs week) added as covariates. As independent variables, PA and sleep 
were divided into inter-individual and intra-individual variables in line with previous 
research.18,19 Inter-individual (between-person) variables were calculated as the average level 
of PA over the whole sample period for each person. Intra-individual (within-person) variables 
were centered at the person mean representing daily variations of physical activity, where 
positive values indicated higher scores than the person’s own average. Twelve different 




The main participant characteristics and average of the sleep and physical activity variables 
are presented in Table 1. The mean age was 40 years (SD: 12.9) with a range of 19 to 68 years. 
The causes of TBI were traffic accidents (81.3%), falls (15.6%), and assault (1.6%, N=63). Based 
on PTA duration TBI was severe (PTA> 7days) in most cases (75%), moderate (PTA 1-7 days) 
in 13%, and mild (PTA <1 day) in 12% of cases (N=60). Over 90% of participants reported 
clinically significant fatigue, 67% had at least mild symptoms of depression and 62% had at 
least mild symptoms of anxiety (Table 1). Almost 40% had at least mild excessive daytime 
sleepiness and over 80% reported poor sleep quality (Table 1.) Participants wore the 
actiwatch on average 12 days (SD 1.3; median: 13; 95% confidence interval: 12.0 – 12.6 days) 
and 13 nights (SD 1.7; median: 14; 95% confidence interval: 12.4 – 13.2 nights). There was no 
correlation between the number of days or nights the participant wore the actiwatch and the 
sleep or activity variables. On average participants spent 180 minutes in light activity per day, 




Table 1. Demographic characteristics, questionnaire results and average the sleep and activity 
variables. If data were missing, the number of participants that data was available from is 
reported. 
Variable Mean SD min-max / N (%) 




Time since injury (months) 54.9a 56.4 3.2- 250.7 
PTA duration (days) 29.9c 29.7 0.0 - 150.0 
Current employment (yes) 
  
18 (28.1) 
Education (years) 14.7 3.0 8-19 b 
Living independent or with family 
  
63 (100) b 
Current medication use 
  
39 (61.9) b 
 Pain medication 
  
18 (28.6) b 
 Antidepressants 
  
24 (38.1) b 
 Anti-epileptic drugs 
  
7 (11.1) b 
Questionnaires    
PSQI global (sleep problems) 9.6 4.1 2.0 - 21.0  
Clinically significant (>5) 
  
52 (81.2) 
ESS (daytime sleepiness) 8.2 4.4 0.0 - 18.0 
Clinically significant (≥11) 
  
25 (39.1) 
HADS – depression 8.7 4.5 0 -22 b 
Clinically significant (≥8)   42 (66.7) b 
HADS – anxiety 8.0 4.3 0 - 16 b 
Clinically significant (≥8)   39 (61.9) b 
FSS (fatigue) 5.4  1.3 0 - 18 
Clinically significant (≥4)   58 (90.6) 
Sleep variables    
Bedtime (clock time 24H; hours) 23:41 1.44 21:04 – 03:31 
Wake-up time (clock time 24H; hours) 7:45 1.24 5:47 – 11:00 
Time in bed (hours) 8.0 1.1 5.1 - 10.3 
Total sleep time (hours) 7.0 1.0 4.5 - 9.6 
Sleep onset latency (minutes) 28.7 22.9 3.3 - 129.8 
Sleep efficiency (%) 79.2 7.1 58.0 - 91.3 
Wake after sleep onset (minutes) 60.1 22.2 16.3 - 135.5 
Number of participants taking a nap   32 (50.0) 
Number of naps 5.5 4.1 1.0 - 16.0 
Average nap duration (minutes) 63.3 36.8 14.5 - 156.3 
Activity variables    
Overall activity (counts) 296.2 102.5 114.1 - 544.2 
Activity counts in the 5 hours before 
bedtime 
221.3 96.6 73.7 - 460.2 
Sedentary (minutes) 350.2 121.5 156.7 - 800.1 
Inactive (minutes) 340.6 69.3 189.9 - 462.4 
Light activity (minutes) 179.9 89.2 42.4 - 404.1 
Moderate activity (minutes) 3.8 5.7 0.0 - 24.8 
Vigorous activity (minutes) 0.1 0.2 0.0 - 1.5 
Average number of hours per day 14.6 1.1 12.5 - 18.0 




Sleep and activity in correlation with covariates 
There were no significant correlations between the sleep variables and time since injury, PTA 
duration, HADS anxiety, fatigue (FSS), or daytime sleepiness (ESS). Significant low to moderate 
correlations were found between age and sleep, as well as depressive symptoms (HADS) and 
sleep. Older age was associated with earlier bedtimes (r= -.37, p=.002), earlier wake-up times 
(r= -.30, p=.015), shorter SOL (r= -.34, p=.007), and better SE (r= .25, p=.047). Higher HADS 
depression scores were associated with later bedtimes (r= .33, p=.009), and later wake-up 
times (r= .28, p=.029). Worse subjective sleep quality (PSQI) was associated with later wake-
up times (r=.34, p=.007). There were no significant correlations between the PA variables and 
age, time since injury, PTA duration, HADS anxiety, fatigue (FSS), sleep quality (PSQI), or 
daytime sleepiness (ESS).  Higher HADS depression scores were associated with lower overall 
activity (r= -.31, p=.01) and less time spent in light activity (r=-.39, p=.02). Based on these 
correlation analyses the HADS depression score and age were added as covariates in the MLM 
analyses to examine the association between daytime PA and sleep. There was no association 
between activity in the 5 hours before bedtime and SOL (β=.00, p=24). 
 
Inter- and intra-individual associations between PA and sleep 
The HADS depression score was missing for one participant; therefore the inter- and intra-
individual variation analyses included 63 participants. 
 
Daytime physical activity as a predictor of sleep 
The MLMs examining inter- and intra-individual associations between daytime PA and sleep 
the following night only showed significant relationships between PA and the timing of sleep 
(Table 2). Inter-individual variations in overall activity counts were significant predictors of 
bedtime and wake-up time, indicating that participants with higher average overall activity 
went to bed earlier and woke up earlier. Intra-individual variations showed the opposite 
pattern; on days that participants spent more time in light activity than their average they 
TBI, traumatic brain injury; PSQI, Pittsburgh sleep quality index; ESS, Epworth Sleepiness; HADS, 
Hospital Anxiety and Depression Scale.   
aMissing data for 2 participants 
bMissing data for 1 participants 




went to bed later that night. A one hour increase in light activity was associated with a 7 min 
later bedtime. There were no significant associations between PA and following night TST, SE, 
WASO, and SOL.  
 
Sleep of a predictor of daytime physical activity 
The MLMs examining inter- and intra-individual associations between the sleep variables and 
next-day physical activity revealed a similar inter-individual relationship between sleep timing 
and PA (Table 3). Participants who went to bed earlier and woke up earlier were more 
physically active indicated by greater activity counts and more time spent in light activity. 
Inter-individual variations indicated that participants with better SE had less overall activity 
counts. Intra-individual variations in wake-up time showed a similar pattern, on days the 
participant woke up earlier than their average they were more physically active, indicated by 
greater activity counts and more time spent in light activity. Intra-individual variations in TST 
and WASO revealed that when participants had shorter TST than their average or had less 
WASO than their average, they spent more time in light activity the next day. There were no 




























































































































































































































































































































































































































































































































































































































































































































































































































































































This study examined the inter- and intra-individual daily relationship between PA and sleep 
in people with TBI. At the inter-individual level results showed that earlier bedtimes, earlier 
Table 3. Results from multilevel models of inter- and intra-individual associations between nighttime 
sleep and physical activity during the following day, while adjusting for covariates. 
  
Overall activity (counts per min) Light activity (min) 
 
Predictors Estimates CI (95%) Estimates CI (95%) 
Bedtime Inter-individual -19.34 * -38.34 – -0.33 -12.94 -30.12 – 4.24 
 
Intra-individual -1.79 -7.19 – 3.61 -2.76 -7.01 – 1.49 
Wake-up time Inter-individual -29.99 ** -50.60 – -9.38 -28.85 ** -46.97 – -10.73 
 
Intra-individual -5.72 * -10.85 – -0.58 -12.55 *** -16.49 – -8.61 
      
Total sleep time Inter-individual -0.23 -0.62 – 0.17 -0.31 -0.65 – 0.04 
 
Intra-individual -0.04 -0.12 – 0.04 -0.11 *** -0.18 – -0.05 
      
Sleep efficiency Inter-individual -4.15 * -7.91 – -0.38 -2.95 -6.34 – 0.45 
 
Intra-individual 0.16 -0.60 – 0.91 0.10 -0.50 – 0.69 
      
Wake after sleep 
onset 
Inter-individual 0.97 -0.15 – 2.09 0.57 -0.44 – 1.58 
Intra-individual -0.12 -0.34 – 0.10 -0.23 * -0.40 – -0.05 
      
Sleep onset 
latency 
Inter-individual 0.14 -1.06 – 1.35 0.02 -1.05 – 1.09 
 
Intra-individual -0.05 -0.24 – 0.15 -0.10 -0.25 – 0.06 
All models were adjusted for age, depression scores and weekday (weekend vs weekday). CI (95%), 
95% Confidence Interval. *P<.05; **p<.01.  
Note. 706 daily observations were clustered in 63 participants. 
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wake-up times, and lower SE were associated with more physical activity. Intra-individual 
daily variations in PA were not associated with the following night’s sleep duration or 
continuity, implying that more PA during the day did not improve sleep the following night. 
However, intra-individual nightly variations in sleep revealed that shorter TST and less WASO 
predicted more time spent in light activity the next day. Therefore, sleep might have a 
stronger influence on next day PA than PA has on following night sleep.  
Sleep timing is associated with the timing of the endogenous circadian rhythm i.e. 
later bed and wake times indicate later circadian timing. Our finding that earlier bedtimes and 
wake-up times are associated with higher levels of PA,  in conjunction with previous research 
showing that later bed and wake times are associated with less PA, indicates that there is 
likely an underlying circadian mechanism driving this relationship after TBI.32 Contrary to our 
expectations, higher levels of PA were not associated with better sleep in this sample of 
people with TBI; rather, more PA was associated with lower SE. This differs from previous 
research in breast cancer patients with insomnia which indicated a positive association 
between SE and PA at the inter-individual level,18 or with studies in other populations that did 
not find a relationship between SE and PA.33 There were no significant associations between 
daytime PA and other sleep variables such as TST, SOL, and WASO at the inter-individual level, 
which were expected. This could be due to the large heterogeneity in people with TBI or to 
the fact that other potentially relevant characteristics of PA were not taken into account, such 
as type of PA or the cognitive load which varies across types of PA.34 Furthermore, although 
relationships have been demonstrated in previous research,5 associations were often small-
to-medium and results inconsistent.33 Therefore, these findings are unsurprising.  
Temporal intra-individual associations showed that on days when TBI participants 
spent more time in light activity than usual, they went to bed later that night. In contrast with 
expectations, more PA during the day did not improve the following night’s sleep. However, 
shorter TST and less WASO were associated with more light activity the next day. In line with 
previous research, this suggests that intra-individual variability in sleep quality predicted next 
day PA but not vice versa.16,35 Furthermore, this intra-individual association between shorter 
TST and more PA the next day has also been found in previous studies.18,25 Nonetheless, a 
meta-analysis did not indicate consistent unidirectional associations between PA and sleep.33 
These results together with the small associations that we found suggest that the association 




suggested this might also be the case in the general population.33 In addition, it might be 
mediated by other factors such as light exposure, timing of the physical activity, season, or 
physical fitness, which we did not control for.36 Furthermore, the different study populations, 
diverse range of measurements and devices used, makes comparisons between studies 
difficult. Therefore, standardized procedures for the assessment, analysis, and reporting of 
this type of data are needed. 
In both patient and non-patient samples, PA is associated with better health.4,37 
People with TBI who exercise regularly have better general health and are less depressed.38 
In addition, positive effects of PA treatment have been found on sleep, cognitive functioning, 
mood, and quality of life in individuals with TBI.39,40 These studies indicate that PA has positive 
effects in multiple domains in people with TBI. In line with previous studies, the results of this 
study showed that more PA was related to less depressive symptoms, however, the direction 
and causality could not be examined with this study. 
 
Limitations   
This study has strong ecological validity, as participants were examined in their own 
environment, and recall bias was limited because of the use of objective measures of both 
sleep and PA. Nonetheless, there were some limitations. While actigraphy is often used to 
measure sleep and activity in the field, and studies comparing the Actiwatch 2 with devices 
commonly used to measure activity, such as the ActiGraph WGT3X-BT and the ActiGraph 
GT1M, show strong correlations between the devices, limitations with actigraphy measures 
in general remain.24,25 Most notably, there is an inability for actigraphy to distinguish between 
different types of activity and the level of exertion required. Additionally, there are activities 
for which the device cannot be worn (e.g. swimming) or that, due to the location of the device, 
it may not register activity (e.g. cycling). While measures of sleep timing can be obtained from 
actigraphy, it cannot provide insight into how PA may impact sleep architecture. A further 
limitation of this study is the use of historical datasets. There were no specific questions 
regarding PA included and only people with TBI with clinically significant fatigue and/or sleep 
disturbances were included. This may limit the generalizability of these findings to the wider 
TBI population. However, sleep disturbances are common following TBI, and especially for 
this group, it is important to examine whether sleep disturbances might be associated with 
decreased physical activity. Finally, the results are from observational data, examining 
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whether PA during the day predicts sleep that night and vice versa and are therefore limited 
in providing insight into the underlying mechanisms. Future studies geared towards exploring 
the causal link between PA and sleep, such as randomized-controlled intervention studies, 
may shed light on the impact of PA on sleep. 
 
 Conclusion 
The results suggest an association between PA and timing of sleep, but more physically active 
TBI participants did not sleep better. Therefore, these results do not suggest a beneficial 
effect of physical activity on sleep following TBI. However, the lack of this association might 
be related to individual differences. The TBI population is known to be a particularly 
heterogeneous group in terms of neuropathology, and in cognitive and behavioral symptoms, 
and therefore PA treatment for sleep disturbances following TBI might need to be individually 
tailored. Furthermore, day-to-day variations showed that sleep may have more of an 
influence on physical activity than physical activity has on sleep in people with TBI. Therefore, 
improving sleep quality may be an important first step to encourage a more physically active 
lifestyle and potentially improve health and quality of life after TBI. However, further studies 
are necessary to confirm these results. 
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Background: Fatigue and sleep problems are common after a traumatic brain injury (TBI) and 
are experienced as highly distressing symptoms, playing a significant role in the recovery 
trajectory, and they can drastically impact the quality of life and societal participation of the 
patient and their family and friends. However, the etiology and development of these 
symptoms are still uncertain. 
Objective: The aim of this study is to examine the development of fatigue and sleep problems 
following moderate to severe TBI and to explore the changes in underlying biological (pain, 
brain damage), psychological (emotional state), and social (support family, participation) 
factors across time. 
Methods: This study is a longitudinal multicenter observational cohort study with 4 
measurement points (3, 6, 12, and 18 months post-injury) including subjective questionnaires 
and cognitive tasks, preceded by 7 nights of actigraphy combined with a sleep diary. 
Recruitment of 137 moderate to severe TBI patients presenting at emergency and neurology 
departments or rehabilitation centers across the Netherlands is anticipated. 
Results: The evolution of fatigue and sleep problems following TBI and their association with 
possible underlying biological (pain, brain damage), psychological (emotional state), and 
social (support family, participation) factors will be examined. 
Conclusions: To the authors’ knowledge, this is the first study that examines the development 
of both post-TBI fatigue and sleep longitudinally within a biopsychosocial model in moderate 
to severe TBI using both subjective and objective measures. Identification of modifiable 
factors such as mood and psychosocial stressors may give direction to the development of 
interventions for fatigue and sleep problems post TBI. 
 
Keywords: Traumatic brain injury; sleep; fatigue; biopsychosocial model. 
 
Trial Registration: Dutch Trial Register NTR7162; 
http://www.trialregister.nl/trialreg/admin/rctview.asp?TC=7162 (Archived by WebCite at 
http://www.webcitation.org/6z3mvNLuy) 




Traumatic brain injury (TBI) is one of the most serious, disabling neurological disorders, with 
10 million patients affected annually worldwide.1 Consequently, societal costs are high and 
estimated to be around €33 billion in Europe.2 TBIs appear on a spectrum of injury severity 
based on widely recognized injury characteristics. The more frequent mild TBIs are considered 
as trivial and benign injuries as opposed to less prevalent moderate to severe injuries, which 
are associated with long-lasting consequences for the patients and their environment.3 Due 
to the high individual and societal costs associated with extensive rehabilitation needs and 
chronic disability, moderate to severe TBI represents a critical public health issue,4 with 
fatigue and sleep problems playing significant roles in the recovery process.5,6 Between 30% 
to 70% of the patients experience fatigue7 and a meta-analysis indicated that 53% experience 
sleep problems.8 
Study results concerning the presence of fatigue and type of sleep problems post-TBI 
are inconsistent, probably due to different study methodologies; patients are included in 
different time windows since their injuries, injury severity parameters differ across studies, 
measurement instruments are diverse and there is limited consensus on what variables at 
which moment in time should be measured.9 In addition, most studies are cross-sectional and 
not longitudinal in terms of design. This makes it difficult to compare results across studies 
and to draw conclusions about sleep- and fatigue changes after TBI.10,11 Nevertheless, post-
TBI sleep problems and fatigue are often consistently experienced as the most severe and 
distressing symptoms,5 interfering with recovery, rehabilitation treatment and negatively 
impacting the quality of life.12 Furthermore, despite the magnitude and impact of these 
phenomena, the etiology is still debated and no efficacious treatments have been 
established.13 
Recovery from moderate to severe TBI is a time-consuming and long-term process and 
should, therefore, be explained in terms of a disease process. Accordingly, different factors 
may be involved in fatigue and sleep problems at different stages after the injury.14,15 By 
exploring the underlying causes of fatigue and sleep problems and how these symptoms 
develop over time, key periods may be identified in which specific targeted interventions are 
needed. The outcome and prognosis following TBI are extremely variable across individuals 
regardless of the severity of the initial injury,9 which implies that outcome is not only 




physical, cognitive, affective, and social factors interact with sleep-wake patterns and fatigue. 
7,9,16,17 Previous research has already shown the involvement of biological factors (e.g., 
structural changes in the brain18 and pain19) and psychological (e.g., emotional distress20,21) 
and social components (e.g., community integration and social support22,23) in fatigue and 
sleep problems following TBI. These factors are also involved in sleep and fatigue in other 
chronic diseases such as cancer, multiple sclerosis, and diabetes.24 However, no studies, to 
the authors’ knowledge, have yet examined these biopsychosocial factors in a comprehensive 
model over time to determine the significant underlying factors that contribute to post-TBI 
fatigue and sleep problems. Understanding these complex interactions is crucial to establish, 
explain, and treat fatigue and sleep problems associated with TBI. Therefore, this study 
proposes a biopsychosocial explanation of post-TBI fatigue and sleep problems. 
The aim of the study is to examine the development of post-TBI fatigue and sleep 
problems longitudinally within a biopsychosocial model including several factors in moderate 
to severe TBI. The primary focus of the study will be on subjective fatigue and sleep problems 
post TBI. We hypothesize that the associations between biopsychosocial factors and post-TBI 
fatigue and sleep problems change over time, that is, the associations with biological factors 
are strongest in the first 6 months and then decline, whereas the associations with 
psychological and social factors are initially weak but slowly increase and become apparent 
between 12 and 18 months. Previous research has shown a discrepancy between objective 
and subjective measures of fatigue and sleep in the TBI population.21,25  Therefore, the 
secondary aim of the study is to examine the development of post-TBI fatigue and sleep 
problems with objective measures within a biopsychosocial model. In this paper, the design 




This study is a multicenter, observational, prospective longitudinal cohort study in which 
participants are followed using five assessments during the first 18 months following 
moderate to severe TBI. The Medical Ethics Committee of University Hospital 
Maastricht/Maastricht University (NL60322.068.17) and all participating centers approved 
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the study protocol. The study is registered in the Dutch Trial Register (NTR67162, registered 
on April 10, 2018). 
 
Study Population 
Moderate to severe TBI patients are being recruited from emergency, neurology, and 
rehabilitation departments in several hospitals and rehabilitation clinics across the 
Netherlands. On the basis of a linear mixed regression analysis with a medium effect size 
(f²=0.15), 7 significant predictors, a statistical power of 0.8, an alpha level of .05, and a high 
test-retest reliability of at least 0.8 of the main study variables, the required sample is 103 TBI 
patients.26 A dropout of 25% during the 18-month follow-up is expected based on previous 
studies.27,28 Therefore, 137 patients will be recruited to lead to a total of 103 TBI patients 
being available for the analyses. 
 
Inclusion and Exclusion Criteria 
TBI patients are eligible to participate in this study if they have a clinically confirmed diagnosis 
of a first moderate to severe, closed-head TBI, which is defined as Glasgow Coma Scale 
score<13;29 post-traumatic amnesia (PTA)>24 hours; trauma-related intracranial 
neuroimaging abnormalities; or loss of consciousness (LOC)>30 min.30 In addition, 
participants must be aged between 21 and 70 years, fluent in Dutch, and provide informed 
consent. 
Participants are excluded if they (1) had a prior moderate to severe TBI diagnosed by 
a neurologist or a mild concussion in the last half year; (2) have another condition that may 
interfere with the study outcome (eg, other pre-existing neurological disorder [stroke, brain 
tumor, etc], sleep-wake disturbance, fatigue due to any medical condition other than TBI, 
history of alcohol or drug abuse, prior mental disorder [for which treatment was necessary], 
or pregnancy); or (3) lack the ability to complete questionnaires based on clinical judgment 
(aphasia, severe cognitive impairment). 
Participants meeting the following criteria are excluded during the study: (1) 
participant wants to leave the study or (2) there is a new incidence of TBI, other neurological 





Patients are informed about the study by their treating physician (eg, neurologist, head nurse, 
or rehabilitation specialist). If the patient is interested in participating, a screening visit within 
the first 6 weeks after injury is done by the researcher, during which the informed consent is 
signed (if the patient is eligible and decides to participate). During this visit, demographics 
and pre-injury characteristics are collected. 
The follow-up appointments take place at approximately 3 months (V1), 6 months 
(V2), 12 months (V3), and 18 months (V4) post-injury, within 2 weeks before or after the exact 
follow-up date (ie, time window of 1 month). These visits consist of filling out questionnaires 
and performing cognitive tasks and can take place at Maastricht University, one of the 
participating clinical institutes, or the home of the participant. The visit will be guided by the 
researcher or a research assistant and is always scheduled between 11:00 am and 3:00 pm to 
minimize the effects of the circadian rhythm.31 In the week before these visits, the participant 
will wear an actigraph and fill out a sleep diary for 7 days at home (daily living). A reminder 
phone call is given at the start of the registration period, and during the 7 days, we will phone 
the participants twice to remind them. With the participant’s permission, partners or family 
members of the participant are informed about the study to monitor whether the actigraph 




The main outcomes are fatigue and sleep. The primary focus of this study is on the subjective 
level of fatigue and sleep problems, affecting the quality of sleep, to address the experience 
of these problems by TBI patients. The relation over time between subjective fatigue and 
sleep and the biopsychosocial predictors shown in Table 1 will be examined. Second, the 
relation between objective fatigue and sleep measurements and the biopsychosocial 
predictors will be examined. An overview of all measurement instruments that are 
administered during the 18-month follow-up is shown in Table 1. The questionnaires are 
implemented in an online format, except for the demographic questionnaire, which is in an 
interview style. All questionnaires included in this study have good psychometric properties 
and have been used in the TBI population before. 
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Table 1. Overview of all measurement instruments for the traumatic brain injury patients and the times of 
administration. 
Parameter  Instrument Screening V1 V2 V3 V4 
Follow-up moment  <6 weeks 3 mos 6 mos 12 mos 18 mos 
Main outcome parameters  
 Subjective fatigue Fatigue Severity Scale32  ✓  ✓ ✓ ✓ 
 Subjective sleep quality Pittsburgh Sleep Quality 
Index33 
 ✓ ✓ ✓ ✓ 
Predictors  
 Pain (subjective) Visual analogue scale 
pain34 
 ✓ ✓ ✓ ✓ 
 Objective cognitive 
performance 
Stroop, COWAT, digit span, 
SDMT35 
 ✓ ✓ ✓ ✓ 
 Physical activity 7 days actigraphy36  ✓ ✓ ✓ ✓ 
 Emotional distress Hospital anxiety and 
depression scale37 
 ✓ ✓ ✓ ✓ 
 Cognitive complaints Dysexecutive 
Questionnaire Revised38 
 ✓ ✓ ✓ ✓ 




 ✓ ✓ ✓ ✓ 
 Social support  Multidimensional Scale of 
Perceived Social Support40 
 ✓ ✓ ✓ ✓ 
Secondary outcome parameters  
 Objective sleep wake 
disturbances 
7-days actigraphy41  ✓ ✓ ✓ ✓ 
 Objective fatigue Psychomotor vigilance 
task42 
 ✓ ✓ ✓ ✓ 
Group characteristics and monitor the participants  
 TBI characteristics  Injury severity such as 
structural imaging data, 
LOC, PTA, injury severity 
score; causes of injury; 
comorbid (physical) 
injuries, seizures; drug or 
alcohol intoxication during 
injury from the hospital 
database. 
✓     
 Demographics Age, gender, education, 
marital status, and work 
status 
✓     
 Premorbid sleep Premorbid question of 
PSQI33 
✓     
 Premorbid participation Premorbid frequency and 
satisfaction of the USER-P39 
✓     




 Multidimensional aspects of 
fatigue 
Dutch Multi-Factor Fatigue 
Scale44 
 ✓ ✓ ✓ ✓ 
 Subjective sleep-wake 7 days sleep diary45  ✓ ✓ ✓ ✓ 
 Post-traumatic stress 
disorders 
PTSD checklist for DSM-546   ✓  ✓ 
 Coping style Proactive and passive 
coping scale of the Utrecht 
Coping List47 





✓ ✓ ✓ ✓ ✓ 




 ✓ ✓ ✓ ✓ 
COWAT, controlled word association test; SDMT, symbol digit modalities test; LOC, loss of consciousness; PTA, 
post-traumatic amnesia; PSQI, Pittsburgh Sleep Quality Index; USER-P, Utrecht Scale for Evaluation and 
Rehabilitation-Participation; PTSD, post-traumatic stress disorder. 
 
 
Primary Outcome Measures 
Subjective fatigue is measured with the Fatigue Severity Scale (FSS).32 The FSS is widely used, 
and it measures the impact of fatigue on activities of daily life and distress caused by fatigue; 
it includes 9 items related to fatigue, which are rated on a 7-point Likert scale. The mean score 
of the FSS is calculated and ranges from 1 to 7, where a higher score denotes more severe 
fatigue and a mean score of 4 or higher indicates severe fatigue.32 The internal consistency is 
high,32 test-retest reliability is satisfactory, and the FSS can distinguish fatigue in brain-injured 
patients from that of controls.49 
Subjective sleep quality is assessed with the Pittsburgh Sleep Quality Index (PSQI).33 
The PSQI consists of 19 items and examines 7 components, namely, overall sleep quality, 
sleep onset latency, total sleep time, sleep efficiency, sleep disturbances, use of sleep 
medication, and daytime dysfunction. The global score is calculated by adding the 7 
component scores and ranges from 0 to 21, where a lower score denotes better sleep quality. 
The questionnaire can discriminate between “good” and “poor” sleepers, with a global score 
of >5 indicating poor sleep quality.33 The internal consistency and test-retest reliability of the 
PSQI are high, and the PSQI has good concurrent validity with sleep diary data.33 The Dutch 
version of the PSQI has been used to examine sleep quality in acquired brain injury patients.50 
 




The development of sleep and fatigue is examined with a biopsychosocial model. Therefore, 
the factors taken into account as predictors can be divided into biological (eg, structural 
changes in the brain and pain), psychological (eg, emotional distress and the burden of 




The general level of pain is measured with a 100-mm visual analog scale.34 The left end of the 
VAS represented “no pain” and the right end represented “most severe pain imaginable” with 
no intermediate divisions or descriptive terms.34 The score ranges from 0 to 10, where a 
higher score indicates more severe pain. Pain intensity in the last 24 hours is measured. The 




A short test battery is used to assess cognitive performance. The extent to which cognitive 
functioning is affected is used as a proxy for the severity of the brain damage.52  Cognitive 
tasks include measurements of speed, attention, interference, and executive functioning. The 
following 4 tasks are included, and the first 3 tasks are recommended as outcome measures 
in TBI research to measure neuropsychological impairments35: 
1. Stroop task measures response interference control, a cognitive form of 
inhibition/flexibility, and selective attention.53 Previous studies showed inhibition 
deficits following TBI and a slower response time.54  The stroop has good 
psychometric properties.35 
2. Controlled oral word association test (COWAT)55 is a verbal fluency test, which 
measures the spontaneous production of words belonging to a specific category 
or a designated letter. This test measures attentional control, working memory, 
and other components of executive functioning. Focal frontal injuries following TBI 
show a strong association with performance on the COWAT.56 COWAT is a reliable 




3. Digit span is a working memory task that assesses auditory attention. Both the 
forward and the backward order are used. The digit backward order is especially 
informative for working memory. This task has been used as a marker of cognitive 
deficit and recovery and has a high reliability.57 
4. Symbol digit modalities test (SDMT) is a cognitive test that measures attention and 
processing speed. The SDMT is sensitive to impairments of speed of information 
processing following TBI58 and is a reliable measure.59 
 
Physical Activity 
Daytime levels of physical activity are examined with actigraphy, which is a noninvasive 
method to monitor the rest/activity cycle.36 In addition, actigraphy is used for the secondary 
aim regarding objective measures of sleep. The actigraph is a wristwatch-like device, worn on 
the nondominant wrist, which allows the participant to continue normal routines in the 
natural environment. There is no remote monitoring of whether the actigraph is worn; 
however, the actigraph can be worn continuously during this week also when bathing. The 
actigraph (GENEActiv, Activinsights Ltd, Cambridgeshire, United Kingdom) measures the 
movement/motor activity of the participant, and thereby, the time spent in sedentary 
behavior, light-intensity physical activity, moderate to vigorous physical activity, and vigorous 
physical activity can be determined.36 Participants will wear the actigraph for 1 week. 
 
Emotional Distress 
The level of emotional distress is examined with the Hospital Anxiety and Depression Scale 
(HADS),37 which consists of 14 items. Each item is scored on a 4-point scale, and the total 
score ranges from 0 to 42, where a higher score denotes more psychological distress. The 
HADS includes 2 subscales with each 7 items measuring anxiety and depression with scores 
ranging from 0 to 21. A subscale score of ≥8 is an indicator of depression or anxiety in patients 
with TBI, which is in line with findings of the general population.60 The HADS is a reliable 
measure and has been validated in the TBI population.61 
 




The Dysexecutive Questionnaire Revised (DEX-R) is used to assess cognitive complaints.38 This 
questionnaire examines cognitive problems in daily life as experienced by the patient. The 
DEX-R assesses 4 domain-general types of dysexecutive problems (metacognition or social 
cognition, executive cognition, behavioral-emotional self-regulation, and activation) and 
comprises 34 items. Each item is scored on a 5-point Likert scale on how often certain 
difficulties related to cognition are experienced. The total score ranges from 0 to 136, where 
a higher score denotes more cognitive problems. The DEX-R is a reliable and valid measure 
38,62 and has been used in the TBI population.63 
 
Participation 
The Utrecht Scale for Evaluation and Rehabilitation-Participation (USER-P)39 is used to assess 
participation. The questionnaire measures 3 aspects of participation: frequency of behaviors, 
experienced participation restrictions due to health conditions, and satisfaction with 
participation. The USER-P consists of 31 items across the three subscales. Each sum score of 
a scale is converted to scores ranging from 0 to 100 where higher scores indicate good levels 
of participation (higher frequency, less restrictions, higher satisfaction). The USER-P is a valid 
and reliable measure in patients with brain injury and test-retest reliability and internal 
consistency of the USER-P are satisfactory.64 
 
Social Support 
The Multidimensional scale of perceived social support (MSPSS) is used to assess social 
support.40 The MSPSS consists of 12-items examining perceived social support from family, 
friends, and significant other. Each item is rated on a 7-point Likert scale. The mean total score 
ranges from 1 to 7 where a higher score denotes more perceived social support. The MSPSS 
has shown good psychometric properties40 and has been used in TBI patients.65 
  
Secondary Outcome Measures 
Previous research has shown a discrepancy between objective and subjective measures of 
fatigue and sleep in the TBI population.21,25 Therefore, as the secondary aim objective 




Fatigue is measured objectively with the 10-minute Psychomotor vigilance task (PVT), which 
is a sustained attention, reaction-time task, often used in sleep and fatigue research.42 The 
PVT is a simple, reliable, and sensitive task for measuring performance and attentional deficits 
due to fatigue.66 When performing the PVT the response time to visual stimuli, occurring at 
random inter-stimulus intervals is measured. The task has good psychometric properties, has 
been validated, and has been used in TBI patients.67  
Sleep problems are examined objectively with the actigraph described previously which 
measures sleep-wake patterns during 1 week. Actigraphy has shown to be a satisfactory 
objective estimate of sleep especially for global sleep parameters including total sleep time, 
sleep onset latency, and sleep efficiency.41 Multiple studies have included actigraphy to 
examine sleep in TBI patients25,68,69 and shown that actigraphy is a reliable method for 
monitoring sleep in this population irrespectively of the injury severity.70  
 
Group Characteristics and Monitoring Participants 
Injury-Related Characteristics Information regarding the injury such as time since injury, injury 
severity parameters (eg, intracerebral abnormality on structural imaging data, LOC, PTA, 
injury severity score), causes of injury, comorbid (physical) injuries, seizures, and drug or 
alcohol intoxication during injury will be retrieved from the hospital database. 
Demographics The demographic questionnaire asks about age, gender, education, marital 
status, level of occupational achievement, psychological, and medical history. In addition, this 
questionnaire assesses medication, drugs, and alcohol use. 
Daytime Sleepiness The Epworth Sleepiness Scale (ESS) is used to examine daytime 
sleepiness.43 The ESS measures general level of daytime sleepiness and sleep propensity with 
8-items. Each item is scored on a 4-point scale indicating the chance of dozing off and the 
total score ranges from 0 to 24 where a higher score indicates more daytime sleepiness. A 
score of ≥11 indicates clinically significant subjective sleepiness.43 The ESS is widely used in 
TBI research71 and has a reasonably high reliability.72   
Multidimensional Aspects of Fatigue The Dutch Multi-Factor Fatigue Scale (DMFS) is used to 
measure the multidimensional aspects of fatigue. The DMFS is a newly developed 
questionnaire that examines several factors of fatigue following TBI, including impact of 
fatigue, mental fatigue, signs and direct consequences of fatigue, physical fatigue, and coping 
with fatigue.44 The DMFS consists of 38 items rated on a 5 point scale Likert scale with higher 
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scores on each subscale indicate more severe fatigue. This questionnaire is specifically 
developed to measure the multi-facets of fatigue following acquired brain injury.44 
Subjective Sleep-Wake Patterns The relevant questions of the consensus sleep diary, which is 
a standardized sleep diary (SD) developed by insomnia experts,45 are used to examine 
subjective sleep-wake patterns and for better interpretation of actigraphy data. The SD 
includes the core questions: (1) the time of getting into bed; (2) the time at which the 
individual attempted to fall asleep; (3) SOL; (4) duration of awakenings; (5) time of final 
awakening; (6) final rise time; (7) perceived sleep quality (rated via Likert scale).45 An 
additional question about napping/dozing is added. The diary is completed in the morning 
and is filled out for 7 consecutive days concurrent with the actigraphy. SD are a reliable and 
validated measure to examine sleep.73 
Post-Traumatic Stress Disorder The presence of Post-traumatic stress disorder (PTSD) is 
determined with the PTSD Checklist for DSM-5 (PCL-5), a 20-item self-reported measure 
corresponding to the DSM-5 symptom criteria for PTSD.46 Each item is rated on a 5-point scale 
Likert scale and the total score ranges from 0 to 80 where a higher score denotes more severe 
PTSD symptoms. A score of 33 or higher is suggested as an indication of PTSD.46 The PCL-5 is 
a reliable measure with strong validity.74 PTSD occurs in 18-27% of the cases following severe 
TBI.75,76 To check whether PTSD is the underlying cause of elevated stress and since PTSD 
takes time to develop the PCL-5 is only assessed at visits 2 and 4. 
Coping Style Passive reaction coping style and active problem-solving coping style are 
examined with the Utrechtse Coping Lijst (UCL), which will differentiate active approach vs 
passive approach.47 Since this study only includes active and passive coping the questionnaire 
will consist of 14 items scored on a 4-point Likert scale. Scores for both subscales range from 
7 to 28 where higher scores denote a higher preference for that coping style. Both subscales 
show fairly good internal consistency and reasonably high test-retest reliability in the Dutch 
population.77 The UCL has been used in Dutch TBI patients before and showed limited 




Sleepiness Preceding the Task Sleepiness before the PVT is assessed with the Karolinska 
sleepiness scale (KSS).48 The KSS consist of 1 item on a 9-point Likert scale ranging from 
extremely alert to very sleepy, great effort to keep awake, where a higher score denotes 
greater sleepiness. The subject indicates the sleepiness level of the preceding 5 min. The test-
retest reliability and the construct validity of the KSS are high.79 
 
Statistical Analyses 
Descriptive statistics will be used to present mean scores and SDs at each time point of the 
outcome measures and predictive variables. Normality and assumptions will be checked. 
Next, 2 linear mixed regression analysis80 will be performed to evaluate the associations 
between the predictive (independent) variables (pain, cognitive impairment, physical activity, 
emotional distress, cognitive complaints, social support, and participation) and the primary 
end point (subjective sleep quality and fatigue) across time. For each of the 2 primary end 
points, we will first determine whether these associations with predictors change across the 
4 time points (ie, time by predictor interactions). In case of a significant interaction, simple 
interaction contrasts comparing consecutive time points will be used to determine whether 
the association between predictor and primary end point decreases or increases. Bonferroni 
correction will be used to adjust for multiple testing.  
For the secondary objectives, the temporal relation between objective fatigue, 
objective sleep, and the predictive variables of the biopsychosocial model will be examined 
with the same linear mixed-effects regression analyses as used for the primary objectives. 
 
Results 
Recruitment of participants for this longitudinal cohort study started in October 2017, and 
the enrollment of participants is ongoing. The first results are expected at the end of 2020. 
 
Discussion 
This study describes the protocol of a longitudinal cohort study examining fatigue and sleep 
following moderate to severe TBI and the underlying predictors with a biopsychosocial model.  
There are several reasons why this cohort study is innovative. First, this study has a 
longitudinal design. To the authors’ knowledge, there are only 3 longitudinal follow-up 
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studies examining fatigue or sleep following moderate to severe TBI in the first 12 to 24 
months post-TBI.22,81,82 These studies had a much smaller sample size and focused on fatigue 
or sleep separately. 
Second, even though fatigue and sleep are closely related, they can be affected 
independently, and problems with fatigue and sleep do not always co-occur.15 Therefore, this 
study examines fatigue and sleep concurrently in a follow-up design to better understand 
their common and unique manifestations, as was also recommend by Cantor and 
colleagues.15 
Third, this study uses a biopsychosocial explanation of post-TBI fatigue and sleep 
problems.9 Multiple researchers suggested integrated biopsychosocial approaches for future 
studies to best explain the outcome of TBI.83-86 However, few studies have yet examined 
multiple identified biopsychosocial factors in a comprehensive model over time to determine 
the significant underlying factors that contribute to post-TBI fatigue and sleep problems. 
Understanding these complex interactions is crucial to establish, explain, and treat fatigue 
and sleep problems associated with TBI. 
Finally, this study uses both subjective and objective measures to examine fatigue and 
sleep. Previous research has shown discrepancies between objective and subjective measures 
of fatigue and sleep in the TBI population.21,25 Therefore, it is important to include both 
measures. However, most studies only include subjective or objective measures of fatigue 
and sleep. 
A limitation of this study is that the extreme, severe multi-trauma patients will not be 
included in the study because they may not be recognized as TBI due to severe multiple 
physical injuries and they may not be able to participate due to their injuries. This may 
jeopardize the generalizability of the results to all moderate to severe TBI patients. 
To the authors’ knowledge, this study will be the first that examines the development 
of both post-TBI fatigue and sleep longitudinally with a biopsychosocial model in moderate 
to severe TBI and that will differentiate between fatigue and sleep using both subjective and 
objective measures. Identification of modifiable factors such as mood and psychosocial 
stressors may give direction to the development of interventions for fatigue and sleep 
problems post-TBI that subsequently lower the burden for the patient and may prevent the 






Acknowledgments: The study is funded by Maastricht University. 
 
Authors’ Contributions: All authors contributed to the design and the protocol of the study. 
All authors reviewed the manuscript and approved the final version. 
 






















1. Hyder AA, Wunderlich CA, Puvanachandra P, Gururaj G, Kobusingye OC. The impact of 
traumatic brain injuries: a global perspective. NeuroRehabilitation. 2007;22(5):341-353. doi: 
10.3233/NRE-2007-22502. 
2. Olesen J, Gustavsson A, Svensson M, Wittchen HU, Jonsson B, group Cs, et al. The economic 
cost of brain disorders in Europe. Eur J Neurol. 2012;19(1):155-162. doi: 10.1111/j.1468-
1331.2011.03590.x. 
3. Bruns J, Jr., Hauser WA. The epidemiology of traumatic brain injury: a review. Epilepsia. 
2003;44 Suppl 10(s10):2-10. doi: 10.1046/j.1528-1157.44.s10.3.x. 
4. Lezak MD, Howieson DB, Loring DW, Hannay HJ, Fischer JS. Neuropsychological assessment 
(4th ed.). New York, NY, US: Oxford University Press; 2004. ISBN: 0195111214. 
5. Nakase-Richardson R, Sherer M, Barnett SD, Yablon SA, Evans CC, Kretzmer T, et al. 
Prospective evaluation of the nature, course, and impact of acute sleep abnormality after 
traumatic brain injury. Arch Phys Med Rehabil. 2013;94(5):875-882. doi: 
10.1016/j.apmr.2013.01.001. 
6. Zuzuárregui JRP, Bickart K, Kutscher SJ. A review of sleep disturbances following traumatic 
brain injury. Sleep Science and Practice. 2018;2(1):2. doi: 10.1186/s41606-018-0020-4. 
7. Ponsford JL, Sinclair KL. Sleep and fatigue following traumatic brain injury. Psychiatr Clin 
North Am. 2014;37(1):77-89. doi: 10.1016/j.psc.2013.10.001. 
8. Mathias JL, Alvaro PK. Prevalence of sleep disturbances, disorders, and problems following 
traumatic brain injury: a meta-analysis. Sleep Med. 2012;13(7):898-905. doi: 
10.1016/j.sleep.2012.04.006. 
9. Ouellet M-C, Beaulieu-Bonneau S, Morin CM. Sleep–Wake Disturbances and Fatigue in 
Individuals with Traumatic Brain Injury. In: Espie CE, Morin CM, eds. The Oxford Handbook of 
Sleep and Sleep Disorders. Oxford2012. ISBN: 019537620X. 
10. Beaulieu-Bonneau S, Morin CM. Sleepiness and fatigue following traumatic brain injury. 
Sleep Med. 2012;13(6):598-605. doi: 10.1016/j.sleep.2012.02.010. 
11. Singh K, Morse AM, Tkachenko N, Kothare SV. Sleep Disorders Associated With Traumatic 
Brain Injury-A Review. Pediatr Neurol. 2016;60:30-36. doi: 
10.1016/j.pediatrneurol.2016.02.013. 
12. Cantor JB, Ashman T, Gordon W, Ginsberg A, Engmann C, Egan M, et al. Fatigue after 
traumatic brain injury and its impact on participation and quality of life. J Head Trauma 
Rehabil. 2008;23(1):41-51. doi: 10.1097/01.HTR.0000308720.70288.af. 
13. Ponsford JL, Ziino C, Parcell DL, Shekleton JA, Roper M, Redman JR, et al. Fatigue and sleep 
disturbance following traumatic brain injury--their nature, causes, and potential treatments. 
J Head Trauma Rehabil. 2012;27(3):224-233. doi: 10.1097/HTR.0b013e31824ee1a8. 
14. Highsmith J, Stephenson A, Everhart D. A Review of Assessment of Sleep Disruption in Adults 
Following Traumatic Brain Injury. Int J Neurorehabilitation. 2016;3(223). doi: 10.4172/2376-
0281.1000223. 
15. Cantor JB, Bushnik T, Cicerone K, Dijkers MP, Gordon W, Hammond FM, et al. Insomnia, 
fatigue, and sleepiness in the first 2 years after traumatic brain injury: an NIDRR TBI model 





16. Ouellet M-C, Beaulieu-Bonneau S, Morin CM. Sleep-wake disturbances after traumatic brain 
injury. The Lancet Neurology. 2015;14(7):746-757. doi: 10.1016/S1474-4422(15)00068-X. 
17. Mollayeva T, Mollayeva S, Colantonio A. The risk of sleep disorder among persons with mild 
traumatic brain injury. Current neurology and neuroscience reports. 2016;16(6):1-15. DOI: 
10.1007/s11910-016-0657-2 
18. McDonald BC, Flashman LA, Saykin AJ. Executive dysfunction following traumatic brain 
injury: neural substrates and treatment strategies. NeuroRehabilitation. 2002;17(4):333-344. 
doi: 10.3233/NRE-2002-17407. 
19. Guilleminault C, Yuen KM, Gulevich MG, Karadeniz D, Leger D, Philip P. Hypersomnia after 
head-neck trauma: a medicolegal dilemma. Neurology. 2000;54(3):653-659. doi: 
10.1212/WNL.54.3.653. 
20. Fogelberg DJ, Hoffman JM, Dikmen S, Temkin NR, Bell KR. Association of sleep and co-
occurring psychological conditions at 1 year after traumatic brain injury. Arch Phys Med 
Rehabil. 2012;93(8):1313-1318. doi: 10.1016/j.apmr.2012.04.031. 
21. Chiou KS, Chiaravalloti ND, Wylie GR, DeLuca J, Genova HM. Awareness of Subjective Fatigue 
After Moderate to Severe Traumatic Brain Injury. J Head Trauma Rehabil. 2016;31(3):E60-68. 
doi: 10.1097/HTR.0000000000000161. 
22. Bushnik T, Englander J, Wright J. Patterns of fatigue and its correlates over the first 2 years 
after traumatic brain injury. J Head Trauma Rehabil. 2008;23(1):25-32. doi: 
10.1097/01.HTR.0000308718.88214.bb. 
23. Chan LG, Feinstein A. Persistent Sleep Disturbances Independently Predict Poorer Functional 
and Social Outcomes 1 Year After Mild Traumatic Brain Injury. J Head Trauma Rehabil. 
2015;30(6):E67-75. doi: 10.1097/HTR.0000000000000119. 
24. DeLuca J. Fatigue as a window to the brain. MIT press; 2005. ISBN: 0262042274. 
25. Nazem S, Forster JE, Brenner LA, Matthews EE. Actigraphic and Sleep Diary Measures in 
Veterans With Traumatic Brain Injury: Discrepancy in Selected Sleep Parameters. J Head 
Trauma Rehabil. 2016;31(2):136-146. doi: 10.1097/HTR.0000000000000225. 
26. Cohen J, Cohen P, West SG, Aiken LS. Applied Multiple Regression/Correlation Analysis for 
the Behavioral Sciences, 3rd Edition. 3rd ed. ed. Hoboken: Routledge; 2002. ISBN: 
0805822232. 
27. Beaulieu-Bonneau S, Ouellet MC. Fatigue in the first year after traumatic brain injury: 
course, relationship with injury severity, and correlates. Neuropsychol Rehabil. 2017;27(7):1-
19. doi: 10.1080/09602011.2016.1162176. 
28. Hart T, Seignourel PJ, Sherer M. A longitudinal study of awareness of deficit after moderate 
to severe traumatic brain injury. Neuropsychol Rehabil. 2009;19(2):161-176. doi: 
10.1080/09602010802188393. 
29. Teasdale G, Jennett B. Assessment of coma and impaired consciousness. A practical scale. 
Lancet. 1974;2(7872):81-84. doi: 10.1016/s0140-6736(74)91639-0. 
30. Malec JF, Brown AW, Leibson CL, Flaada JT, Mandrekar JN, Diehl NN, et al. The mayo 
classification system for traumatic brain injury severity. J Neurotrauma. 2007;24(9):1417-
1424. doi: 10.1089/neu.2006.0245. 
31. Schmidt C, Collette F, Cajochen C, Peigneux P. A time to think: circadian rhythms in human 
cognition. Cogn Neuropsychol. 2007;24(7):755-789. doi: 10.1080/02643290701754158. 
Protocol: sleep and fatigue following TBI 
123 
 
32. Krupp LB, LaRocca NG, Muir-Nash J, Steinberg AD. The fatigue severity scale. Application to 
patients with multiple sclerosis and systemic lupus erythematosus. Arch Neurol. 
1989;46(10):1121-1123. doi: 10.1001/archneur.1989.00520460115022. 
33. Buysse DJ, Reynolds CF, 3rd, Monk TH, Berman SR, Kupfer DJ. The Pittsburgh Sleep Quality 
Index: a new instrument for psychiatric practice and research. Psychiatry Res. 
1989;28(2):193-213. doi: 10.1016/0165-1781(89)90047-4. 
34. Hawker GA, Mian S, Kendzerska T, French M. Measures of adult pain: Visual Analog Scale for 
Pain (VAS Pain), Numeric Rating Scale for Pain (NRS Pain), McGill Pain Questionnaire (MPQ), 
Short-Form McGill Pain Questionnaire (SF-MPQ), Chronic Pain Grade Scale (CPGS), Short 
Form-36 Bodily Pain Scale (SF-36 BPS), and Measure of Intermittent and Constant 
Osteoarthritis Pain (ICOAP). Arthritis Care Res (Hoboken). 2011;63 Suppl 11:S240-252. doi: 
10.1002/acr.20543. 
35. Wilde EA, Whiteneck GG, Bogner J, Bushnik T, Cifu DX, Dikmen S, et al. Recommendations 
for the Use of Common Outcome Measures in Traumatic Brain Injury Research. Arch Phys 
Med Rehabil. 2010;91(11):1650-1660. doi: 10.1016/j.apmr.2010.06.033. 
36. Esliger DW, Rowlands AV, Hurst TL, Catt M, Murray P, Eston RG. Validation of the GENEA 
Accelerometer. Medicine and science in sports and exercise. 2011;43(6):1085-1093. doi: 
10.1249/MSS.0b013e31820513be. 
37. Zigmond AS, Snaith RP. The hospital anxiety and depression scale. Acta Psychiatr Scand. 
1983;67(6):361-370. doi: 10.1111/j.1600-0447.1983.tb09716.x. 
38. Simblett SK, Ring H, Bateman A. The Dysexecutive Questionnaire Revised (DEX-R): An 
extended measure of everyday dysexecutive problems after acquired brain injury. 
Neuropsychol Rehabil. 2017;27(8):1124-1141. doi: 10.1080/09602011.2015.1121880. 
39. van der Zee CH, Priesterbach AR, van der Dussen L, Kap A, Schepers VP, Visser-Meily JM, et 
al. Reproducibility of three self-report participation measures: The ICF Measure of 
Participation and Activities Screener, the Participation Scale, and the Utrecht Scale for 
Evaluation of Rehabilitation-Participation. J Rehabil Med. 2010;42(8):752-757. doi: 
10.2340/16501977-0589. 
40. Zimet GD, Dahlem NW, Zimet SG, Farley GK. The Multidimensional Scale of Perceived Social 
Support. J Pers Assess. 1988;52(1):30-41. doi: 10.1207/s15327752jpa5201_2. 
41. Sadeh A, Acebo C. The role of actigraphy in sleep medicine. Sleep Med Rev. 2002;6(2):113-
124. doi: 10.1053/smrv.2001.0182. 
42. Dinges DF, Powell JW. Microcomputer analyses of performance on a portable, simple visual 
RT task during sustained operations. Behav Res Methods Instrum Comput. 1985;17(6):652-
655. doi: 10.3758/bf03200977. 
43. Johns MW. A new method for measuring daytime sleepiness: the Epworth sleepiness scale. 
Sleep. 1991;14(6):540-545. doi: 10.1093/sleep/14.6.540. 
44. Visser-Keizer AC, Hogenkamp A, Westerhof-Evers HJ, Egberink IJ, Spikman JM. Dutch 
multifactor fatigue scale: a new scale to measure the different aspects of fatigue after 
acquired brain injury. Arch Phys Med Rehabil. 2015;96(6):1056-1063. doi: 
10.1016/j.apmr.2014.12.010. 
45. Carney CE, Buysse DJ, Ancoli-Israel S, Edinger JD, Krystal AD, Lichstein KL, et al. The 
consensus sleep diary: standardizing prospective sleep self-monitoring. Sleep. 




46. Weathers F, Litz B, Keane T, Palmieri P, Marx B, Schnurr P. The PTSD checklist for DSM-5 
(PCL-5) In. Boston (MA): National Center for PTSD: Scale available from the National Center 
for PTSD; 2013. 
47. Schreurs P. De Utrechtse Coping Lijst (UCL): omgaan met problemen en gebeurtenissen. 
Utrecht: Vol. Swets & Zeitlinger; 1993. 
48. Akerstedt T, Gillberg M. Subjective and objective sleepiness in the active individual. 
International Journal of Neuroscience. 1990;52(1-2):29-37. doi: 
10.3109/00207459008994241. 
49. LaChapelle DL, Finlayson MA. An evaluation of subjective and objective measures of fatigue 
in patients with brain injury and healthy controls. Brain Inj. 1998;12(8):649-659. 
https://www.ncbi.nlm.nih.gov/pubmed/9724836. doi: 10.1080/026990598122214. 
50. Hofman A, Breteler MM, van Duijn CM, Krestin GP, Pols HA, Stricker BH, et al. The 
Rotterdam Study: objectives and design update. Eur J Epidemiol. 2007;22(11):819-829. doi: 
10.1007/s10654-007-9199-x. 
51. Aicher B, Peil H, Peil B, Diener HC. Pain measurement: Visual Analogue Scale (VAS) and 
Verbal Rating Scale (VRS) in clinical trials with OTC analgesics in headache. Cephalalgia. 
2012;32(3):185-197. doi: 10.1177/0333102411430856. 
52. Rabinowitz AR, Levin HS. Cognitive sequelae of traumatic brain injury. Psychiatr Clin North 
Am. 2014;37(1):1-11. doi: 10.1016/j.psc.2013.11.004. 
53. Stroop JR. Studies of Interference in Serial Verbal Reactions. J Exp Psychol. 1935;18(6):643-
662. doi: 10.1037/h0054651. 
54. Dimoska-Di Marco A, McDonald S, Kelly M, Tate R, Johnstone S. A meta-analysis of response 
inhibition and Stroop interference control deficits in adults with traumatic brain injury (TBI). 
J Clin Exp Neuropsychol. 2011;33(4):471-485. doi: 10.1080/13803395.2010.533158. 
55. Benton A. Multilingual Aphasia Examination. University of Iowa; 1976. 
56. Henry JD, Crawford JR. A meta-analytic review of verbal fluency performance in patients 
with traumatic brain injury. Neuropsychology. 2004;18(4):621-628. doi: 10.1037/0894-
4105.18.4.621. 
57. Millis SR, Rosenthal M, Novack TA, Sherer M, Nick TG, Kreutzer JS, et al. Long-term 
neuropsychological outcome after traumatic brain injury. J Head Trauma Rehabil. 
2001;16(4):343-355. doi: 10.1097/00001199-200108000-00005. 
58. Kohl AD, Wylie GR, Genova HM, Hillary FG, Deluca J. The neural correlates of cognitive 
fatigue in traumatic brain injury using functional MRI. Brain Inj. 2009;23(5):420-432. doi: 
10.1080/02699050902788519. 
59. Smith A. Symbol digit modalities test (SDMT) manual (revised). Los Angeles, CA: Western 
Psychological Services; 1982. 
60. Crawford J, Henry J, Crombie C, Taylor E. Normative data for the HADS from a large non‐
clinical sample. Br J Clin Psychol. 2001;40(4):429-434. doi: 10.1348/014466501163904. 
61. Schwarzbold ML, Diaz AP, Nunes JC, Sousa DS, Hohl A, Guarnieri R, et al. Validity and 
screening properties of three depression rating scales in a prospective sample of patients 
with severe traumatic brain injury. Braz J Psychiatry 2014;36(3):206-212. doi: 10.1590/1516-
4446-2013-1308. 
62. Shaw S, Oei TPS, Sawang S. Psychometric validation of the Dysexecutive Questionnaire 
(DEX). Psychol Assess. 2015;27(1):138-147. doi: 10.1037/a0038195. 
Protocol: sleep and fatigue following TBI 
125 
 
63. Spikman JM, Boelen DH, Lamberts KF, Brouwer WH, Fasotti L. Effects of a multifaceted 
treatment program for executive dysfunction after acquired brain injury on indications of 
executive functioning in daily life. J Int Neuropsychol Soc. 2010;16(1):118-129. doi: 
10.1017/S1355617709991020. 
64. Post MW, van der Zee CH, Hennink J, Schafrat CG, Visser-Meily JM, van Berlekom SB. Validity 
of the utrecht scale for evaluation of rehabilitation-participation. Disabil Rehabil. 
2012;34(6):478-485. doi: 10.3109/09638288.2011.608148. 
65. Zeng EQ, Zeng BQ, Tian JL, Du B, Tian XB, Chen H. Perceived Social Support and Its Impact on 
Mental Fatigue in Patients with Mild Traumatic Brain Injury. Balkan Med J. 2016;33(2):152-
157. doi: 10.5152/balkanmedj.2016.15701. 
66. Basner M, Hermosillo E, Nasrini J, McGuire S, Saxena S, Moore TM, et al. Repeated 
Administration Effects on Psychomotor Vigilance Test Performance. Sleep. 
2018;41(1):zsx187-zsx187. doi: 10.1093/sleep/zsx187. 
67. Sinclair KL, Ponsford JL, Rajaratnam SMW, Anderson C. Sustained attention following 
traumatic brain injury: Use of the Psychomotor Vigilance Task. J Clin Exp Neuropsychol. 
2013;35(2):210-224. doi: 10.1080/13803395.2012.762340. 
68. Duclos C, Dumont M, Wiseman-Hakes C, Arbour C, Mongrain V, Gaudreault PO, et al. Sleep 
and wake disturbances following traumatic brain injury. Pathol Biol (Paris). 2014;62(5):252-
261. doi: 10.1016/j.patbio.2014.05.014. 
69. Imbach LL, Buchele F, Valko PO, Li T, Maric A, Stover JF, et al. Sleep-wake disorders persist 
18 months after traumatic brain injury but remain underrecognized. Neurology. 
2016;86(21):1945-1949. doi: 10.1212/WNL.0000000000002697. 
70. Kamper JE, Garofano J, Schwartz DJ, Silva MA, Zeitzer J, Modarres M, et al. Concordance of 
Actigraphy With Polysomnography in Traumatic Brain Injury Neurorehabilitation Admissions. 
J Head Trauma Rehabil. 2016;31(2):117-125. doi: 10.1097/HTR.0000000000000215. 
71. Theadom A, Cropley M, Parmar P, Barker-Collo S, Starkey N, Jones K, et al. Sleep difficulties 
one year following mild traumatic brain injury in a population-based study. Sleep Med. 
2015;16(8):926-932. doi: 10.1016/j.sleep.2015.04.013. 
72. Johns MW. Reliability and factor analysis of the Epworth Sleepiness Scale. Sleep. 
1992;15(4):376-381. doi: 10.1093/sleep/15.4.376. 
73. Hunsley J, Mash EJ. A guide to assessments that work. Oxford University Press; 2008. ISBN: 
0195310640. 
74. Blevins CA, Weathers FW, Davis MT, Witte TK, Domino JL. The Posttraumatic Stress Disorder 
Checklist for DSM-5 (PCL-5): Development and Initial Psychometric Evaluation. J Trauma 
Stress. 2015;28(6):489-498. doi: 10.1002/jts.22059. 
75. Bryant RA, Marosszeky JE, Crooks J, Gurka JA. Posttraumatic stress disorder after severe 
traumatic brain injury. Am J Psychiatry. 2000;157(4):629-631. doi: 
10.1176/appi.ajp.157.4.629. 
76. Williams WH, Evans JJ, Wilson BA, Needham P. Brief report: prevalence of post-traumatic 
stress disorder symptoms after severe traumatic brain injury in a representative community 
sample. Brain Inj. 2002;16(8):673-679. doi: 10.1080/02699050210128861. 
77. Schreurs P, Van de Willige G, Brosschot J, Tellegen B, Graus G. De Utrechtse coping lijst: UCL. 
Handleiding Lisse: Swets en Zeitlinger. 1993. 
78. Brands I, Kohler S, Stapert S, Wade D, van Heugten C. How flexible is coping after acquired 




efficacy, executive functioning and self-awareness. J Rehabil Med. 2014;46(9):869-875. doi: 
10.2340/16501977-1849. 
79. Akerstedt T, Anund A, Axelsson J, Kecklund G. Subjective sleepiness is a sensitive indicator of 
insufficient sleep and impaired waking function. J Sleep Res. 2014;23(3):240-252. doi: 
10.1111/jsr.12158. 
80. Blackwell E, de Leon CF, Miller GE. Applying mixed regression models to the analysis of 
repeated-measures data in psychosomatic medicine. Psychosom Med. 2006;68(6):870-878. 
doi: 10.1097/01.psy.0000239144.91689.ca. 
81. Prigatano GP, Stahl ML, Orr WC, Zeiner HK. Sleep and dreaming disturbances in closed head 
injury patients. J Neurol Neurosurg Psychiatry. 1982;45(1):78-80. doi: 10.1136/jnnp.45.1.78. 
82. George B, Landau-Ferey J. Twelve months' follow-up by night sleep EEG after recovery from 
severe head trauma. Neurochirurgia (Stuttg). 1986;29(2):45-47. doi: 10.1055/s-2008-
1053698. 
83. Theadom A, Parag V, Dowell T, McPherson K, Starkey N, Barker-Collo S, et al. Persistent 
problems 1 year after mild traumatic brain injury: a longitudinal population study in New 
Zealand. Br J Gen Pract. 2016;66(642):e16-23. doi: 10.3399/bjgp16X683161. 
84. Waljas M, Iverson GL, Lange RT, Hakulinen U, Dastidar P, Huhtala H, et al. A prospective 
biopsychosocial study of the persistent post-concussion symptoms following mild traumatic 
brain injury. J Neurotrauma. 2015;32(8):534-547. doi: 10.1089/neu.2014.3339. 
85. Silverberg ND, Gardner AJ, Brubacher JR, Panenka WJ, Li JJ, Iverson GL. Systematic review of 
multivariable prognostic models for mild traumatic brain injury. J Neurotrauma. 
2015;32(8):517-526. doi: 10.1089/neu.2014.3600. 
86. Scheenen ME, Spikman JM, de Koning ME, van der Horn HJ, Roks G, Hageman G, et al. 
Patients "At Risk" of Suffering from Persistent Complaints after Mild Traumatic Brain Injury: 
The Role of Coping, Mood Disorders, and Post-Traumatic Stress. J Neurotrauma. 
























































































The present thesis aimed to explore fatigue and sleep following acquired brain injury (ABI), 
with a specific focus on moderate-severe traumatic brain injury (TBI). Sleep disturbances and 
fatigue are common following all forms of ABI and negatively affect social, physical, cognitive, 
and general functioning.1 This leads to reduced capacity for activities such as work, social 
relationships, studying, leisure activities and, less functional independence.2 Despite this 
impact, the experience of fatigue and sleep disturbances following ABI is still poorly 
understood. 
This thesis provided a novel perspective on the assessment of fatigue following ABI 
and explored the behavioural and neurobiological underpinnings of fatigue following TBI 
(chapters 2, 3, and 4). In addition, the relationship between sleep disturbances and physical 
activity following TBI was examined (chapter 5). Furthermore, the protocol of a follow-up 
study examining sleep and fatigue using a biopsychosocial model is described (chapter 6). In 
this last chapter, the main findings and implications of these studies are discussed together 
with the strengths and limitations. Finally, suggestions for future research are proposed. 
 
Discussion of and reflection on the main findings 
Assessment of fatigue following ABI 
Mental fatigue following ABI is often assessed subjectively and most questionnaires ask about 
fatigue in retrospect, for example ‘how fatigued were you feeling last week’ or include general 
statements about fatigue such as, ‘I am easily fatigued’. This might lead to a response bias 
because people often look back at the worst fatigue they had during that week and may thus 
overestimate their fatigue level.3,4 Furthermore, people with ABI often experience cognitive 
problems and have difficulties in reporting their levels of fatigue over the past period.5 
Therefore, objective measures of fatigue are recommended in this population.6 However, the 
few objective measures available, such as electroencephalography, are very time-consuming 
and difficult to apply in the clinic and in research. Therefore, in chapter 2 we assessed 
whether fatigue can be measured objectively following ABI using the Psychomotor Vigilance 
Test (PVT), which is a simple and easy-to-use reaction time test. It was found that 
performance on the PVT was not only related to both trait and state fatigue, but also to 




measure for fatigue, but seems to be a more general measure of severity of symptoms 
including fatigue, mood, and sleepiness. Therefore, this test may be a useful measure to 
examine changes in these symptoms over time or interventions aimed at reducing these 
symptoms. 
This association between PVT performance and several other symptoms besides 
fatigue, emphasizes how difficult it is to isolate fatigue from other often closely related 
symptoms and the challenge to measure exclusively fatigue using objective measures. This is 
not surprising since fatigue is a consequence of several conditions that frequently co-exist, 
such as sleep problems, depression, and the use of medication or substances such as alcohol 
and drugs.7,8 These conditions and fatigue all interact with each other. On top of that, fatigue 
is one of the core symptoms included in the diagnostic criteria for several disorders such as 
depressive and anxiety disorders.9 Nonetheless, from a theoretical perspective, fatigue 
should be considered as a distinct phenomenon even though overlap exists with depression 
or sleep problems.10 Furthermore, all potential causes of fatigue should ideally be assessed 
to establish the best treatment.11 
In this thesis, a distinction was made between trait fatigue, which is a more stable 
characteristic that can be assessed with questionnaires that ask about fatigue levels in 
general, and state fatigue or momentary fatigue, which assesses the experience of fatigue at 
a particular moment. It was found that after controlling for mood and daytime sleepiness, 
trait fatigue was no longer a predictor of PVT performance (chapter 2). In contrast, state 
fatigue remained a predictor of PVT performance even after controlling for mood and daytime 
sleepiness. This distinction between state and trait fatigue has become more common in 
recent literature.12,13 In line with the results from this study, state fatigue might be a better 
predictor of behaviour or task performance at that moment than trait fatigue.14 
Several studies have tried to find an objective measure of fatigue following ABI.15-17 
However, even though several attempts have been made to measure fatigue objectively, 
there is still no golden standard to measure mental fatigue objectively. This is not just the 
case for fatigue following ABI, but for measuring mental fatigue in general.  An abundance of 
measures is currently used to assess mental fatigue, including all sorts of performance tasks, 
physiological measures, and over 30 different scales.18 This lack of consistency in measures of 
mental fatigue makes it difficult to compare results across studies and creates a scattered 




objective marker that is consistently associated with fatigue specifically. Nonetheless, our 
research using PVT and other researchers using different cognitive tests indicate that 
performance on specific tasks is sensitive to fatigue.10,15-17 A combination of both subjective 
and objective measures of fatigue might be the best approach to capture the complex nature 
of fatigue. These objective measurements might be specifically useful to measure changes 
over time and the effect of interventions aimed at reducing fatigue. 
 
Behavioural and neurobiological underpinnings of fatigue following TBI 
One of the dominant theories about fatigue following TBI, the coping-hypothesis, suggests 
that fatigue is the result of constant compensatory effort needed to overcome information-
processing difficulties.19-21 Therefore, everyday routine tasks require more mental effort and 
this might lead to increased feelings of fatigue. Furthermore, recent neuroimaging studies 
proposed that fatigue is the result of a discrepancy between the perceived effort to perform 
a task and the derived reward (this reward can be as simple as performing well), which might 
be related to a dysfunction of the corticostriatal pathway following TBI.14,22-26 In chapter 3, 
the relationship between subjective mental effort and state fatigue and the recovery from 
task-induced fatigue was examined. State fatigue was indeed related to the effort invested in 
the task, but this association was not different in people with TBI compared to controls. 
Therefore, this study could not explain fatigue due to a higher vulnerability to task-induced 
mental effort. In addition, the recovery from task-induced fatigue was not slower in people 
with TBI. However, it is worth mentioning that state fatigue levels were consistently higher in 
people with TBI compared to controls. Therefore, as a follow-up, it was examined whether 
these increased levels of fatigue following TBI might be related to differences in functional 
connectivity during resting-state scans (chapter 4). Diffuse axonal injury may occur due to 
(moderate-severe) TBI, and results from the fast accelerating or decelerating forces to the 
head, causing shearing of long axon connections within the brain.27 Consequently, this might 
lead to disturbances in functional connectivity of the brain’s networks necessary for the 
processing of information.28 Functional connectivity of the brain can be examined using 
functional magnetic resonance imaging (fMRI). Chapter 4, used a rest-task-rest design to 
examine fatigue-induced changes in resting-state functional connectivity in the striatum and 
default mode network (DMN) in people with moderate-severe TBI compared with matched 




linked to altered DMN connectivity and was differently associated with striatal connectivity 
in people with TBI compared to HC. Structural and activity alterations in the striatum have 
consistently been associated with fatigue in multiple neurological populations including TBI, 
multiple sclerosis, stroke, and Parkinson's.14,23,24,29-33 Our results that indicated an association 
between altered striatal connectivity and fatigue in people with TBI contribute to the growing 
body of evidence that the striatum might play a role in fatigue in neurological disorders.22,26 
We found similar associations between DMN connectivity and fatigue in people with TBI and 
healthy controls. The DMN has been associated with internal thoughts and mind 
wandering.34,35 Enhanced rsFC between areas of the DMN and areas of other networks such 
as the salience (insula) and executive control network (superior frontal gyrus, frontal pole), 
as was found in our study, could indicate less internal focus and self-reflection in response to 
fatigue or fatigue-related compensatory connectivity.53  
  Thus, increased levels of fatigue following TBI could not be explained by a higher 
vulnerability to the effects of effort or a longer recovery period from fatigue. However, 
altered striatal connectivity might be associated with the subjective experience of fatigue and 
could be a neural correlate of fatigue following TBI. Nonetheless, studies in large samples are 
necessary to confirm our findings. Previous studies in search of biological explanations for 
fatigue following TBI, such as pituitary dysfunction, inflammatory processes, or neural 
correlates are inconsistent.37 The difficulty with finding biological underpinnings of fatigue 
might be related to the difficulty defining fatigue, since fatigue itself is multidimensional 
including cognitive, emotional, motivational, and physical dimensions. In addition, fatigue is 
associated with several factors such as depression and sleepiness, as also described in chapter 
2. Research on fatigue and sleep might therefore benefit from a biopsychosocial approach. 
We teach our students: “A brain lives in a head (bio) of a person (psycho) who lives in a part 
of the world (social)”. With the studies in chapter 2, 3, and 4, we have focused on task 
performance but the person, internal state (such as emotions, personality), and the world, 
external state (such as the environment and demands that are placed on the individual), have 
not received much attention in our research. The high levels of fatigue as reported by many 
studies and found in our research might be associated with the complex demands of everyday 
life and the adjustments people with a brain injury need to make to their lives.38 Thus fatigue 
levels are probably driven by a combination of functional impairment, emotional distress, and 




disorders, such as multiple sclerosis or Parkinson’s disease but also in many non-neurological 
diseases such as cancer, diabetes, or inflammatory and infectious diseases.39,40 This indicates 
that high levels of fatigue are not a specific symptom of ABI and a broader focus than just the 
brain injury itself might be needed to advance our understanding of fatigue and to find a 
trans-diagnostic explanation for fatigue. Overall living with a disorder requires adjustments 
to everyday life, which might require an increased investment of effort and might thus lead 
to increased levels of fatigue.41  
 
Relationship between sleep and physical activity following TBI 
Sleep and physical activity are thought to have a bidirectional relationship whereby poor sleep 
might be associated with less physical activity and lower physical activity levels may be 
associated with poor sleep.42 People with TBI often report sleep disturbances which might 
provoke a tendency to rest more during daytime (be less physically active), and this may, in 
turn, lead to the maintenance of sleep disturbances.43 In chapter 5, the day-to-day 
bidirectional relationship between physical activity and sleep was examined in people with 
TBI. One of the main findings was that sleep may influence physical activity the next day, but 
that physical activity does not affect sleep the following night. That sleep affects next-day 
physical activity, but not the other way around has been found in other studies as well 
including different populations, such as people with bipolar disorder or chronic pain.44,45 
These results suggest that improving sleep quality may be an important first step to 
encourage a more physically active lifestyle, which could increase participation and thereby 
potentially improve health and quality of life after TBI. Our results did not suggest a beneficial 
effect of physical activity on sleep in people with TBI. Nevertheless, positive effects of physical 
activity treatment on sleep, mood, cognitive functioning, and quality of life have been found 
in people with TBI.46,47  
Cross-sectional associations between depressive mood, physical activity, and sleep 
are often reported and were also found in our study.7,48 Physical activity is also related to 
feelings of fatigue. Lenaert and colleagues used the experience sampling method (ESM, i.e. 
asking participants to report their feelings, thoughts, behavior, and environment at several 
moments over time) to determine associations between physical activity and fatigue in 
people with stroke.49 They found that physical activity was a predictor of fatigue at that 




but also to a lesser extent for mental fatigue.49 It would be interesting to include measures of 
sleep in these types of studies to explore the associations between sleep, fatigue, and physical 
activity. Especially considering that fatigue and sleep disturbances are often related and might 
support each other.7 People who have trouble sleeping often feel fatigued and an extremely 
fatigued person might start napping during the daytime leading to trouble falling asleep.43 
Moreover, a fatigued person is less likely to engage in exercise.47 
Both sleep and physical activity are important for general health and wellbeing. Our 
results suggest that improving sleep might be a good starting point to support physical 
activity. Furthermore, sleep is a vital function that is essential for both mental (e.g. emotion 
and cognition) and physical health (immune system and hormone balance).50 Sleep hygiene 
interventions might be a simple starting point to improve sleep quality. Sleep hygiene 
interventions consist of recommendations about healthy sleep habits, such as having a stable 
sleep schedule, making your bedroom comfortable and free of disruption, or avoiding 
caffeine or alcohol in the hours before bedtime.51 This intervention is low in cost and risk, 
non-invasive, and easily applicable. Sleep hygiene education is an element of cognitive 
behavioural therapy for insomnia (CBT-I).52 Multiple studies have suggested that CBT-I 
improves insomnia symptoms following brain injury.53-55 
CBT-I is based on the 3-P model (diathesis-stress model) of insomnia, which explains 
the development of chronic sleep problems as resulting from three factors: predisposing, 
precipitating, and perpetuating factors.56 Predisposing factors are individual characteristics 
or circumstances that make a person more vulnerable to develop insomnia such as a tendency 
to worry or living in a noisy environment. Precipitating factors are stressful events that may 
trigger an acute episode of insomnia symptoms, such as job loss, disease, or loss of a loved 
one. TBI could be a precipitating factor. Following TBI there might be many acute changes 
including physical or neurological changes, and pain. Subsequent development of 
psychological problems such as depression or anxiety may perpetuate the sleep problems, 
especially when combined with behavioural changes that maintain the sleep problem, such 
as daytime napping and irregular bed- and wake times to catch up on sleep, lack of activity, 
and excessive worrying about sleep and possible consequences of sleep loss. Once the sleep 
problems have established, education about sleep hygiene is often not enough to treat sleep 
problems. However, early education about sleep hygiene following TBI might prevent the 




long-reaching benefits since better sleep may advance recovery, increase activity, and 
improve quality of life.59      
 
Strengths and methodological considerations 
The strength of the research in this thesis is the use of diverse measurement techniques to 
explore fatigue and sleep following ABI with a focus on moderate-severe TBI. Fatigue was 
examined subjectively using questionnaires assessing trait and state fatigue, and objectively 
using task-performance and functional connectivity in the brain. Sleep has also been assessed 
using both self-report and objective actigraphy measurements over multiple days. 
Furthermore, something relatively unique to some of the studies in this thesis was the 
attempt to have equal levels of effort between people with TBI and healthy controls by using 
an adaptive task. Most studies use the same task for both groups and therefore people with 
TBI often need to invest more effort to perform the task and consequently experience higher 
levels of fatigue. There were however also some limitations in the studies in this thesis.   
 
Study design 
The studies in this thesis that aimed to understand fatigue following TBI better, all examined 
momentary or state fatigue on the one day of the research visit, as in most studies examining 
fatigue and sleep problems following brain injury. This way of measuring is less time-
consuming, but cannot assess necessary causal relationships as can be done using longitudinal 
research designs (chapter 6). Furthermore, the outcomes of these one day measurements 
might be influenced by the mental state of the person, time of day, and even fatigue after 
long assessment sessions. Just as brain functional connectivity, which is often compared 
between two groups at one moment and then interpreted as a trait, is influenced by the 
mental state of a person (chapter 4).60 Another approach would be to measure multiple times 
per day over multiple days and then over several months to gain more insight into how 
symptoms of fatigue and sleep disturbances change over time and which factors are 
associated with these symptoms. This is done in the ongoing study described in chapter 6 
using a longitudinal research design and could also be explored using ESM. This approach 
would give more insight into intra- and inter-individual differences. An understanding of 




which, person/group a certain treatment would be most beneficial. However, this is a very 
time-consuming form of research and requires much effort and commitment from 
participants. Nonetheless, in a small ABI sample, using ESM for six consecutive days, feasibility 
and response rates were high.61,62 This indicates that ESM might be an effective method to 
gain more insight into fatigue and sleep disturbances following ABI.  
 
Sample bias/ heterogeneous group 
The TBI population is often described as a heterogeneous group. Due to diffuse axonal injury, 
damage to the brain can be very diverse, and even though specific groups are more at risk to 
sustain a TBI such as elderly, young males, and children, it can happen to anyone.63 This is also 
represented in the demographic tables of chapter’s 2 to 5, with age ranges between 18 and 
70 and all education levels present. Furthermore, the use of psychotropic medication is high 
in people with TBI.64 This means that there are many other factors to control for when 
examining TBI and this makes it difficult to compare results across different studies. 
Furthermore, time since injury is often broad, to reach the required sample sizes. Even though 
not consistently found, time since injury can be associated with levels of fatigue or sleep 
disturbances. Fatigue for example has been reported to increase over time after TBI,65 
therefore including participants in a specific time frame post-injury might be necessary to 
reduce heterogeneity of the sample. In addition, the route of inclusion might bias the sample. 
Participants recruited in the chronic phase via rehabilitation centers or hospitals, as was the 
procedure in most studies described in this thesis, might represent the group that experiences 
the most long-term consequences of ABI. This might bias the samples towards people with 
the worst long-term outcome following ABI. On the other hand, this group might benefit the 
most from new insights of research. However, these and many other inter-individual 
differences, such as coping strategies and personality, should be taken into account to explore 
the relationship between TBI and fatigue and sleep disturbances. Furthermore, these inter-
individual differences, heterogeneity of the injury, and outcomes are what make it 
challenging to find effective ways to improve recovery following injury and define who will 






Some ideas for future studies to further explore fatigue and sleep following ABI have already 
been proposed previously in this chapter. As described in chapter 6 and as mentioned earlier, 
studies could examine fatigue and sleep, using a biopsychosocial approach since this might 
better capture the multidimensional nature of fatigue and sleep and several factors related 
to these symptoms. Furthermore, sleep disturbances and fatigue are often reported over a 
longer period after the TBI, up until many years following the injury.1,7,66-70 In addition, the 
association between these symptoms and other factors, such as injury severity, depression, 
and participation in society, might depend on the time since injury. Biological factors, such as 
injury severity and brain areas damaged, might play a large role directly after the injury.71-75 
While injury severity is rarely a predictor for sleep disturbances or fatigue in the long term.43 
From six months to a year or more after the injury psychosocial factors, such as depression 
and social support, are shown to be associated with sleep disturbances and fatigue.67,76-79 
There is a need for longitudinal studies to examine the time-dependent changes in factors 
contributing to sleep disturbances and fatigue in people with TBI using a biopsychosocial 
model (chapter 6). Ideally, such studies should include objective measures of sleep and 
fatigue (e.g. actigraphy and PVT) in addition to subjective rating scales, to examine their 
relationships over time. For example, it would be interesting to know whether changes in 
subjective complaints precede or follow changes in sleep-wake behaviour or changes in 
cognitive performance. 
The next step could be to explore treatment options for fatigue or sleep disturbances. 
At the moment, the results of treatment studies for these symptoms following TBI are mixed 
and require further research.80-82 Given the multifactorial nature of both fatigue and sleep 
disturbances, future research could focus on finding causative factors for each individual and 
focus on interventions targeting these causes. For some, fatigue might be caused by exercise, 
while for others it might be more related to mental activities, stress, a lack of sleep, or a 
combination of different factors. This might be why there is still a lack of proper treatment 
for fatigue since the underlying trigger for fatigue might be different for each individual with 
TBI. Large follow-up studies with limited exclusion criteria could explore whether we can 
predict who will experience long-term symptoms following ABI. To explore associations 
between behaviour that might cause fatigue per individual, ESM could be used, in which data 




at this moment. The treatment can then be tailored to the individual’s associations between 
behaviour and fatigue. Intervention studies might better answer questions related to 
causality than observational studies. In addition, using these methods it might be possible to 
divide the ABI population into subgroups and predict who will experience symptoms, and 
start efficient treatment early. 
 
Concluding remarks 
The studies discussed in this thesis measured high levels of fatigue and poor sleep quality in 
people with ABI, with most studies focusing on moderate-severe TBI. The high levels of fatigue 
could not be explained by a higher vulnerability to the fatigue-inducing effects of effort or a 
slower recovery from task-induced fatigue. However, altered striatal connectivity might 
represent a neural correlate of fatigue and could thus be an underlying mechanism of fatigue 
following TBI. Due to the multidimensional nature of fatigue, assessment of fatigue might 
best include both subjective and objective measurements. These objective measures might 
be specifically useful to assess changes in fatigue over time or the effect of interventions 
aimed at reducing fatigue. Sleep problems following TBI were not associated with decreased 
physical activity. However, nightly variation in sleep might affect next-day physical activity, 
suggesting that improving sleep quality might be relevant to support a physically active 
lifestyle in people with TBI. Results of our ongoing longitudinal study examining the course of 
sleep and fatigue within a biopsychosocial model will add to our understanding of fatigue and 
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Acquired brain injury (ABI) is an umbrella term for brain injuries that occur after birth and can 
be separated into traumatic and non-traumatic brain injuries. Moderate-severe traumatic 
brain injury (TBI) is the main focus of this thesis and refers to a disruption of the function of 
the brain caused by an external force such as a fall or traffic accident. In the disease processes 
following all severities of ABI, fatigue and sleep disturbances are highly prevalent and may 
last from the initial recovery phase up until years post-injury. Furthermore, these symptoms 
are associated with poorer social, physical, cognitive, and general functioning. This leads to 
reduced capacity for performing activities such as work, studying, leisure activities, and less 
functional independence and social relationships. Fatigue and sleep disturbances following 
ABI are still poorly understood and the behavioural and neuronal underpinnings and 
associated factors require further investigation. 
 
In chapter 2, the results of an observational cross-sectional study evaluating the construct 
validity of Psychomotor Vigilance Test (PVT) performance for measuring fatigue in people 
with ABI are presented. The PVT is a simple reaction time task that is sensitive to sleep loss 
and fatigue. Fifty-four people with ABI participated in this study and performance on the PVT 
was compared to that of 61 healthy controls (HC). People with ABI performed worse on the 
PVT compared with HC. Within the ABI group, worse PVT performance was associated with 
increased levels of trait fatigue and state fatigue following the task, thereby indicating 
convergent validity. However, daytime sleepiness and mood were also associated with PVT 
performance indicating a lack of divergent validity. Furthermore, after controlling for daytime 
sleepiness, mood, and sleep quality, general fatigue was no longer a significant predictor of 
PVT performance, while state fatigue following the task remained a predictor. These results 
indicate that PVT performance cannot be used as a specific measure of fatigue but it appears 
to be a more general measure of severity of symptoms commonly following ABI including 
fatigue, mood, and daytime sleepiness. Therefore, the PVT might be useful to assess the 
effects of interventions aimed at reducing these symptoms. 
 
Chapter 3 presents the results of an exploratory case-controlled study examining whether the 




whether feelings of fatigue resolve at the same rate in people with TBI compared to HC. Post-
TBI fatigue has been suggested to be due to the constant compensatory effort needed to 
overcome information-processing difficulties. Twenty participants with TBI and 20 matched 
HC were included in this study. To gain insight into the relationship between effort and 
fatigue, participants performed an adaptive N-back task, in which task difficulty was adapted 
to performance allowing both groups to invest substantial amounts of mental effort. The main 
outcome measures were subjective mental effort upon task completion and state fatigue 
levels before and in the 30 minutes following the task. Participants with TBI reported higher 
levels of fatigue and effort compared to HC. There was a positive association between effort 
and fatigue and this relationship was not different between the groups. In addition, the 
recovery curve of fatigue did not differ between the groups. Therefore, this study could not 
explain the excessive levels of fatigue following TBI by a higher vulnerability to the fatigue-
inducing effects of mental effort or a slower recovery from fatigue in people with TBI 
compared to HC. These results suggest that fatigue might be better explained by the complex 
demands of everyday life such as external (environment; multi-tasking) and internal 
(emotions, rumination) factors. 
 
In chapter 4, it was explored whether excessive feelings of fatigue following TBI could be 
explained using resting-state functional connectivity (rsFC). In this case-controlled study, 
participants underwent resting-state functional magnetic resonance imaging and rated their 
state fatigue level before and after a fatigue-inducing task (adaptive N-back task see chapter 
3). Sixteen participants with moderate-severe TBI and 17 matched HC were included. The 
adaptive N-back task was effective in inducing fatigue in both groups. Seed-to-voxel analyses 
with seeds in areas involved in mental fatigue, namely the striatum and default mode network 
(DMN) including, medial prefrontal cortex and posterior cingulate cortex, were performed. 
These analyses revealed that rsFC between striatum and precuneus was positively associated 
with subjective task-induced fatigue in people with TBI, while there was a negative association 
in HC. In contrast, rsFC between striatum and cerebellum was negatively associated with 
subjective task-induced fatigue in the TBI group, while there was no association in HC. Similar 
associations between task-induced fatigue and DMN rsFC were found across the groups. 
These results suggest that the subjective experience of fatigue was linked to DMN 




with TBI compared to HC. Further knowledge of striatal connectivity as a neural correlate of 
fatigue could increase our understanding of the mechanisms behind fatigue in people with 
TBI and maybe assist in the diagnosis and treatment of fatigue. 
 
Chapter 5 focused on sleep following TBI and presents the results of a cross-sectional study 
examining the bidirectional relationship between physical activity and sleep. Day-to-day 
associations between sleep and physical activity were examined in 64 people with TBI using 
actigraphy in corroboration with sleep diaries over 14 consecutive days. The results showed 
no association between daytime physical activity and sleep duration or continuity the 
following night. In contrast, less wake after sleep onset and shorter sleep time were 
associated with more light physical activity during the next day. These results suggest that 
sleep has more of an influence on physical activity than physical activity has on sleep in people 
with TBI. Therefore, improving sleep quality might be important to encourage a physically 
active lifestyle in people with TBI. 
 
Chapter 6 describes the study protocol of a longitudinal multicentre observational cohort 
study examining the course of fatigue and sleep disturbances over 1.5 years following 
moderate to severe TBI. The factors underlying the development of persistent fatigue and 
sleep disturbances are examined with a biopsychosocial model, which includes biological 
factors (e.g. severity of the injury and pain), psychological factors (e.g. emotional state) and, 
social factors (e.g. support from the environment and participation). It is expected that all 
these factors can contribute to fatigue and sleep disturbances, but that the relative 
contribution of each factor may change over time. The study consists of four measurement 
points at 3, 6, 12, and 18 months post-injury, including subjective questionnaires and 
cognitive tasks, preceded by seven nights of actigraphy combined with a sleep diary. 
Identification of modifiable factors such as mood and psychosocial stressors may give 
direction to the development of interventions for fatigue and sleep problems following TBI. 
 
Chapter 7 describes a general discussion and reflection on the main findings of this thesis, 
together with the implications and limitations. This chapter ends with suggestions for future 
research. The high levels of fatigue following TBI measured in the studies of this thesis could 




recovery from task-induced fatigue. However, altered striatal connectivity might present a 
neuronal correlate of fatigue following TBI and could be further explored to possibly assist in 
the diagnosis and treatment of fatigue. Nightly variation in sleep might affect next-day 
physical activity, suggesting that improving sleep quality might be relevant to support a 
physically active lifestyle in people with TBI. Future studies might benefit from using a 





































































Niet-aangeboren hersenletsel (NAH) is een overkoepelende term voor letsel aan de hersenen 
dat ontstaan is na de geboorte, en kan verdeeld worden in traumatische hersenletsel (THL) 
en niet-traumatische hersenletsel. De studies in deze thesis focusten zich vooral op 
middelzwaar tot ernstige traumatisch hersenletsel (THL), dit is een verstoring in het 
functioneren van het brein dat ontstaat door een oorzaak buiten het lichaam, zoals een 
verkeersongeluk of een val. In het ziekteproces na alle vormen en ernst van NAH komen 
slaapproblemen en vermoeidheid veel voor, zowel in de initiële herstelfase als meerdere 
jaren na het letsel. Deze symptomen hangen vaak samen met verminderd sociaal, fysiek, 
cognitief en algemeen functioneren. Dit kan leiden tot een verminderde capaciteit voor het 
uitvoeren van activiteiten zoals werk, studeren, vrijetijdsactiviteiten en het kan leiden tot 
minder functionele onafhankelijkheid en het kan een negatieve invloed hebben op sociale 
relaties. We begrijpen nog steeds weinig van vermoeidheid en slaapproblemen na NAH en de 
onderliggende gedragsmatige en neurologische, en bijbehorende factoren vereisen nader 
onderzoek. 
 
In hoofdstuk 2, worden de resultaten van een observationele cross-sectioneel onderzoek, 
waarin de construct validiteit van prestatie op de Psychomotor Vigilance Task (PVT) voor het 
meten van vermoeidheid in mensen met NAH, besproken. De PVT is een simpele 
reactietijdtaak die gevoelig is voor slaaptekort en vermoeidheid. Aan dit onderzoek namen 
54 mensen met NAH deel en hun prestaties op de PVT werden vergeleken met 61 gezonde 
controles (GC). Deelnemers met NAH presteerden slechter op de PVT vergeleken met GC. 
Binnen de NAH-groep werd slechtere prestatie op de PVT geassocieerd met meer algemene 
vermoeidheid en meer vermoeidheid op dat moment, wat convergente validiteit aangeeft. 
Echter, werden daarnaast ook slaperigheid overdag en stemming geassocieerd met prestatie 
op de PVT, dit geeft een gebrek aan divergente validiteit aan. Na controle voor slaperigheid 
overdag en stemming was algemene vermoeidheid niet meer een significante voorspeller 
voor prestatie op de PVT, terwijl vermoeidheid op dat moment wel een voorspeller bleef. 
Deze resultaten laten zien dat prestatie op de PVT niet gebruikt kan worden als een specifieke 
maat voor vermoeidheid, maar dat dit misschien een meer algemene maat is voor de ernst 




overdag. De PVT zou daarom gebruikt kunnen worden om het effect van interventies die 
bedoeld zijn om deze symptomen te verminderen te onderzoeken. 
 
Hoofdstuk 3 bespreekt de resultaten van een exploratief case-control onderzoek, waarin 
onderzocht werd of dezelfde hoeveelheid mentale inspanning tot vergelijkbare gevoelens van 
vermoeidheid leidt bij mensen met THL en GC, en of gevoelens van vermoeidheid op 
eenzelfde tempo afnemen bij mensen met THL in vergelijking met GC. Er wordt gesuggereerd 
dat vermoeidheid na THL veroorzaakt wordt door de constante extra inspanning die nodig is 
om informatieverwerkingsproblemen te overwinnen. Aan dit onderzoek namen 20 
deelnemers met THL en 20 gematchte GC deel. Om inzicht te krijgen in de relatie tussen 
inspanning en vermoeidheid, voerden deelnemers een adaptieve N-back taak uit, waarbij de 
moeilijkheidsgraad van de taak zich aanpaste aan de prestaties, hierdoor moesten beide 
groepen een aanzienlijke hoeveelheid mentale inspanning leveren. De belangrijkste 
uitkomstmaten waren subjectieve mentale inspanning na voltooiing van de taak en 
vermoeidheidsniveaus voor en in de 30 minuten na de taak. Deelnemers met THL 
rapporteerden hogere niveaus van vermoeidheid en inspanning in vergelijking met GC. Er was 
een positieve associatie tussen inspanning en vermoeidheid en deze relatie was niet 
verschillend tussen de groepen. Bovendien verschilde de herstelcurve van vermoeidheid niet 
tussen de groepen. Dit onderzoek kon dus niet de hoge niveaus van vermoeidheid na THL 
verklaren door een hogere kwetsbaarheid voor de vermoeidheid-inducerende effecten van 
mentale inspanning of een langzamer herstel van vermoeidheid bij mensen met THL in 
vergelijking met GC. Deze resultaten suggereren dat vermoeidheid beter kan worden 
verklaard door de complexe eisen van het dagelijks leven, zoals externe factoren (omgeving, 
multitasking etc.) en interne factoren (emoties, ruminatie ect.). 
 
In hoofdstuk 4, werd onderzocht of overmatige gevoelens van vermoeidheid na THL verklaard 
konden worden met functionele connectiviteit in rusttoestand (rsFC). In dit case-control 
onderzoek, ondergingen deelnemers functionele magnetische-resonantiebeeldvorming in 
rusttoestand en beoordeelden hun vermoeidheidsniveau voor en na een vermoeidheid-
inducerende taak (adaptieve N-back taak zie hoofdstuk 3). Er werden 16 deelnemers met 
middelzwaar tot ernstige THL en 17 gematchte GC geïncludeerd. De adaptieve N-back-taak 




werden uitgevoerd met seeds in gebieden die betrokken zijn bij mentale vermoeidheid, 
namelijk het striatum en default mode network (DMN), inclusief mediale prefrontale cortex 
en posterior cingulate cortex. Deze analyses onthulden dat rsFC tussen het striatum en 
precuneus positief geassocieerd werd met subjectieve taak-geïnduceerde vermoeidheid bij 
mensen met THL, terwijl er een negatieve associatie was bij GC. Daarentegen was rsFC tussen 
het striatum en cerebellum negatief geassocieerd met subjectieve taak-geïnduceerde 
vermoeidheid in de THL-groep, terwijl er geen associatie was in GC. Vergelijkbare associaties 
tussen taak-geïnduceerde vermoeidheid en DMN rsFC werden gevonden in de groepen. Deze 
resultaten suggereren dat de subjectieve ervaring van vermoeidheid in beide groepen 
verband hielden met DMN-connectiviteit en anders werd geassocieerd met striatale 
connectiviteit bij mensen met THL in vergelijking met GC. Verdere kennis van striatale 
connectiviteit als een neuraal correlaat van vermoeidheid zou ons begrip van de 
mechanismen achter vermoeidheid bij mensen met THL kunnen vergroten en misschien 
helpen bij de diagnose en behandeling van vermoeidheid. 
 
Hoofdstuk 5, richt zich op slaap na THL en presenteert de resultaten van een cross-sectioneel 
onderzoek naar de bidirectionele relatie tussen fysieke activiteit en slaap. Dagelijkse 
associaties tussen slaap en fysieke activiteit werden onderzocht bij 64 mensen met THL met 
behulp van actigrafie en het bijhouden van een slaapdagboek gedurende 14 opeenvolgende 
dagen. De resultaten toonden geen verband tussen fysieke activiteit overdag en slaapduur of 
continuïteit de volgende nacht. Daarentegen werd beter doorslapen gedurende de nacht en 
een kortere slaaptijd geassocieerd met meer lichte fysieke activiteit gedurende de volgende 
dag. Deze resultaten suggereren dat slaap meer invloed heeft op fysieke activiteit dan fysieke 
activiteit op slaap bij mensen met THL. Daarom kan het verbeteren van de slaapkwaliteit 
belangrijk zijn om een fysiek actieve levensstijl bij mensen met THL aan te moedigen. 
 
Hoofdstuk 6 beschrijft het onderzoeksprotocol van een longitudinaal multicenter 
observationeel cohortonderzoek waarin het beloop van vermoeidheid en slaapstoornissen 
gedurende 1.5 jaar na middelzwaar tot ernstig THL wordt onderzocht. De factoren die ten 
grondslag liggen aan het ontstaan van aanhoudende vermoeidheid en slaapstoornissen 
worden onderzocht met een biopsychosociaal model, waarin biologische factoren (bijv. ernst 




factoren (bijv. ondersteuning vanuit de omgeving en participatie) zijn opgenomen. De 
verwachting is dat al deze factoren kunnen bijdragen aan vermoeidheid en slaapstoornissen, 
maar dat de relatieve bijdrage van elke factor in de loop van de tijd kan veranderen. Het 
onderzoek bestaat uit vier meetpunten op 3, 6, 12 en 18 maanden na het letsel, inclusief 
subjectieve vragenlijsten en cognitieve taken, voorafgegaan door 7 nachten actigrafie in 
combinatie met een slaapdagboek. Identificatie van beïnvloedbare factoren zoals stemming 
en psychosociale stressoren kan richting geven aan de ontwikkeling van interventies voor 
vermoeidheid en slaapproblemen na THL. 
 
Hoofdstuk 7 beschrijft een algemene discussie en geeft reflectie op de belangrijkste 
bevindingen van dit proefschrift, samen met de implicaties en beperkingen. Dit hoofdstuk 
eindigt met suggesties voor toekomstig onderzoek. De hoge niveaus van vermoeidheid na 
THL gemeten in de studies van dit proefschrift konden niet worden verklaard door een hogere 
kwetsbaarheid voor de vermoeidheid-inducerende effecten van inspanning of langzamer 
herstel van taak-geïnduceerde vermoeidheid. Veranderingen in striatale connectiviteit kan 
echter een neuronaal correlaat van vermoeidheid zijn na THL en zou verder kunnen worden 
onderzocht om mogelijk te helpen bij de diagnose en behandeling van vermoeidheid. 
Nachtelijke variatie in slaap kan de fysieke activiteit de volgende dag beïnvloeden, wat 
suggereert dat het verbeteren van de slaapkwaliteit relevant kan zijn om een fysiek actieve 
levensstijl bij mensen met THL te ondersteunen. Toekomstige studies kunnen baat hebben bij 
het gebruik van een biopsychosociaal model om vermoeidheid en slaapstoornissen na 





















































Worldwide millions of people sustain a brain injury each year. These can have external causes 
such as falls or traffic accidents leading to traumatic brain injury or internal such as problems 
with the blood supply causing a stroke. These brain injuries are a major cause of mortality and 
long-term disability, which places a high burden on society. Sleep disturbances and fatigue 
are amongst the most disabling symptoms following brain injury. Sleep disturbances may 
include trouble falling asleep or staying asleep. Fatigue has been compared to having a phone 
with an old battery that is easily out of supplies and needs longer times to recharge. In 
addition, the more you ask from it the faster the battery runs empty. Living with accelerated 
fatigue and prolonged periods of time to recover can be considered a handicap. People with 
a brain injury might therefore not be able to perform the same number of activities or tasks 
as a person without a brain injury. This can have a large negative impact on daily functioning, 
for example, a person might not be able to return to work, visit social events or perform 
leisure activities, which might lead to a reduced quality of life. Furthermore, some of the 
consequences of a brain injury, including fatigue and sleep disturbances, are not directly 
visible to the environment, for example, there is no need for a wheelchair or other physical 
aids. Therefore, the environment might struggle to acknowledge and understand these 
symptoms.  
Despite this large impact and the high frequency of symptom reporting among 
patients, the experience of fatigue and sleep disturbances following brain injury is still poorly 
understood. This thesis, therefore, explored fatigue and sleep disturbances following brain 
injury. Sharing our results via diverse routes (see activity section), might raise more awareness 
of the high prevalence of fatigue and sleep disturbances following brain injury and the 
consequences of these symptoms. This is important for people with a brain injury because it 
will give rise to better treatments, help their environment understand these symptoms, and 
might increase support. Furthermore, clinicians and caregivers such as the partner or family 
might start exploring or help recognise which situations trigger sleep disturbances or fatigue, 
for example, social occasions, stress, or busy environments with many stimuli. This way these 
symptoms could be controlled and possibly minimized.  
In addition, a better understanding of the underlying factors associated with fatigue 




fatigue and sleep disturbances following brain injury. The results of this thesis can therefore 
be relevant for researchers and a broad range of clinicians, people with a brain injury, and 
their social environment.  
 
Objective measure of fatigue 
Questionnaires used to assess fatigue often ask about a period in the past such as ‘how 
fatigued were you feeling the last month’. This might be difficult to answer, particularly for 
people with a brain injury who have trouble with their memory. In addition, people could 
think back about the worst fatigue they had in that period or the most recent experience and 
might therefore over- or under-report their symptoms. Objective measures of fatigue are thus 
recommended. As an objective measure of fatigue, we tested a reaction time task, in which 
participants had to respond as fast as possible by pressing a button every time they saw a 
visual stimulus. We found that people with a brain injury who responded slower also reported 
more fatigue and related symptoms such as depressive symptoms and daytime sleepiness. 
This finding is relevant for other researchers and clinicians such as neuropsychologists and 
occupational therapists who want to include objective measures of these symptoms in their 
assessment in addition to subjective self-report. Objective measures are also important for 
people with a brain injury. Task performance can be used to provide insight into their own 
performance or might be a way for people with a brain injury to show their environment that 
there is a problem since only self-report is sometimes not taken seriously. Furthermore, to 
provide insight into the symptom dynamics the clinician could for example show a person 
with a brain injury their own reaction time to indicate if it is within a normal range or not and 
thus, whether the consequences of sleepiness or fatigue are as threatening as the person 
might think. In addition, task performance could also be used to demonstrate the effect of a 
treatment. Feeding back the person's own data can be a meaningful way to give people more 
insight and control over their own complaints. However, future research is necessary to 
examine if a specific decrease in reaction time is associated with an improvement in 





The role of the environment 
We found that people with a brain injury recovered from a demanding task at the same rate 
as people without brain injury. However, people with brain injury reported higher levels of 
fatigue at the start of the experiment. This suggests that fatigue following a brain injury might 
be better explained by incorporating the demands and influences from the environment. 
These could be external factors such as trying to focus attention (for example reading) in a 
noisy environment or having to perform multiple tasks at once (dividing attention) or internal 
factors such as emotional reactions, feeling anxious for an assessment, or constantly thinking 
about how fatigue or sleep problems might affect daily life. For example, people with a brain 
injury could have been more fatigued at the start of the experiment because they had to drive 
to the research institute or take public transport, which could be more exhausting or stressful 
when you are easily overstimulated. It is thus important to take the environment and other 
factors into account when examining fatigue and sleep disturbances.  
For people with a brain injury, this finding is important to help them better understand 
their fluctuations in levels of fatigue. For clinicians trying to help people with a brain injury 
who experience fatigue, it is important to be aware of possible tasks, situations, or other 
symptoms that could contribute to fatigue. They could for example recommend the use of a 
registration system (for example a diary) to explore when a person with brain injury gets 
fatigued and which situation or emotional state preceded this fatigue.  
Researchers who are comparing people with a brain injury to people without a brain 
injury should take into account fatigue levels at the start of assessment since these might 
influence performance. In addition, researchers could also try to minimize these baseline 
differences, for example by performing assessments at the home of the person with a brain 
injury to prevent fatigue from travelling to the research institute. 
 
Sleep and physical activity 
In the general population, sleep and physical activity are thought to be related to each other. 
We examined this relationship in people with a brain injury and showed that physical activity 
during the day is not a good predictor of sleep quality the following night. However, sleep was 
a predictor of physical activity the next day. Therefore, sleep may have more of an influence 




is important for clinicians treating people with a brain injury, including (neuro)psychologists, 
psychiatrists, physical therapists, and occupational therapists. It indicates that treatment 
should focus on improving sleep first because sleep affects physical activity and not the other 
way around. For people with a brain injury, this is important since improving sleep might thus 
lead to increased physical activity. This might also lead to increased societal participation 
because more energy to be physically active could mean that a person could perform leisure 
activities again or start working.  
 
Future treatment options 
People with a brain injury, their environment, and clinicians would benefit most from effective 
treatment for fatigue and sleep disturbances following brain injury. At the moment, there is 
still a lack of proper treatment for these symptoms. The existing treatments consist of 
psychoeducation / psychological treatment, which provide insight and strategies to cope with 
fatigue and sleep disturbances. In addition, sleep medication or alerting substances might be 
used but these often have side effects and cannot be used for longer periods of time. Some 
studies suggest that light therapy could help alleviate fatigue. However, knowing which 
factors might enhance or maintain fatigue and sleep disturbances over time might provide 
new opportunities for treatment. To better understand these possible factors, it is necessary 
to follow people with a brain injury for a longer period of time to examine whether changes 
in mood or participation might maintain or enhance fatigue or sleep disturbances. These 
relationships are currently explored in an ongoing study. Better treatment options for fatigue 
and sleep disturbances could significantly improve the quality of life of people with a brain 
injury in the future. 
 
Activity 
The knowledge collected with the research described in this thesis has been and will be 
communicated in several ways. First, via publications in international and national journals to 
share our knowledge with other researchers. Chapters two, five, and six have already been 
published, and two of these chapters are in open access journals, so accessible for everyone. 
Second, the results are communicated via presentations at national and international 




brain awareness week, meeting of the Dutch Institute of Psychologists, and the Conference 
in Neuropsychological Rehabilitation of the Special Interest Group of the WFNR. These 
conferences are visited by clinicians as well as researchers. Furthermore, the online version 
of the Limburg Brain Injury Centre symposium is also followed by people with brain injury and 
people of patient associations thereby spreading the results to a broad audience. Findings 
have also been shared via online platforms such as LinkedIn, Twitter, and Facebook. 
Furthermore, results are shared directly with colleagues via research days and informal 
interactions. In addition, the results could be shared at informal low threshold events such as 
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